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EXECUTIVE  SUMMARY 

Missile  tracking  in  the  ultraviolet  is  advantageous  because  of  extremely  low  Earth  and  solar 
backgrounds;  extremely  seasitive  photodetectors  that  do  not  require  cryogenic  cooling;  and  very 
high  optical  resolution,  which  is  possible  with  optics  of  relatively  modest  size.  The  Ultraviolet  Plume 
Instrument  (UVPI)  is  a  small,  plume-tracking-instrument  that  was  flown  on  the  Naval  Research 
Laboratory's  Low-power  Atmospheric  Compensation  Experiment  (LACE)  satellite,  which  was 
launched  on  14  February  1990. 

The  UVPI  system  aperture  is  only  10  cm  in  diameter.  However,  it  can  detect  and  image 
missile  plumes  at  a  S(X)-kn  range.  The  two  cameras  of  the  instrument  use  narrowband  filters,  image 
intensifiers,  and  charged  coupled  device  (CCD)  detectors  to  observe  sources  in  the  ultraviolet.  The 
primary  function  of  the  tracker  camera,  viewing  over  a  relatively  wide  field,  (1.97®  by  2.62®)  and 
broad  spectrum  (255  to  450  run)  is  to  locate  and  track  a  source  for  higher  resolution  observation  by 
the  plume  camera.  The  plume  camera  has  a  narrow  field  of  view  (0.180®  by  0.135®);  it  observes 
sources  throu^  any  of  four  filters  with  passbands  of  195  to  295  nm,  200  to  320  nm,  235  to  350  nm, 
and  3(X)  to  320  tun.  The  wavelengths  shorter  than  310  nm  are  essentially  invisible  from  the  ground 
because  of  atmospheric  absorption.  The  limiting  resolution  of  the  tracker  camera  is  about  230 
pradians;  that  of  the  plume  camera  is  about  90  pradians.  These  are  equivalent  to  115  m  and  45  m, 
respectively,  at  a  500-km  range. 

The  Strypi  XI  was  the  fourth  demonstration  of  the  ability  of  the  UVPI  to  observe  missiles  in 
flight  above  the  atmospnere.  Tuc  Strypi  was  launched  from  the  U.S.  Navy  Pacific  Missile  Range 
Facility  in  Hawaii  before  sunrise  on  18  February  1991.  The  launch  time  and  trajectory  were  selected 
to  synchronize  the  flight  with  the  LACE  pass  and  permit  ground  observations  from  the  AMOS  site  on 
Maui. 


The  first  stage  of  the  three-stage  Strypi  fired  only  at  low  altitude,  below  20  km,  and  was  not 
expected  to  be  visible  in  the  ultraviolet  from  space.  The  second  (Antares)  and  the  third  (Star  27) 
stages  reached  1 10-km  altitude  and  were  successfully  detected  and  tracked  by  the  UVPI  from  a  range 
of  450  to  550  krn. 

The  Antares  plume  was  successfully  tracked  for  about  30  seconds,  and  480  l/30th-second 
images  of  plume  data  were  acquired  by  using  the  four  plume-camera  filters.  The  tracking  of  the 
Antares  plume  was  of  sufficient  quality  to  permit  the  superposition  of  images  for  plume  radiance 
determination.  Image  superposition  to  enhance  the  signal  level  is  needed  for  accurate  radiometry 
because  of  the  small  telescope  aperture.  The  weaker  plume  from  the  Star  27  stage  was  also  tracked, 
and  304  images  were  acquired  by  using  three  plume-camera  filters.  However,  the  weak  signal  reduced 
the  quality  of  the  superposed  images. 

The  spectral  radiance  and  spectral  radiant  intensities  of  the  missile  plumes  were  extracted 
from  these  images.  Absolute  values  are  necessarily  obtained  on  the  basis  of  an  assumed  spectral 
shape,  namely,  one  that  is  derived  from  a  physical  model  of  the  plume  as  a  nearly  transparent  stream 
of  micron-sized  alumina  particles  at  their  melting  points.  This  spectral  shape  is  simply  termed  the 
reference  model  spectrum.  A  comparison  of  the  results  for  the  four  UVPI  filters  indicates  that  the 
reference  spectral  shape  is  not  inaccurate,  but  the  new  data  suggest  a  stronger  component  in  the  far 
UV  (X  <  300  nm)  than  the  reference  model  predicts. 

The  images  reveal  not  only  a  radiant  plume  but  also  an  extensive  outer  region  with  a 
passband-integrated  radiant  intensity  comparable  to  that  of  the  plume  central  region.  The  far  UV 
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component  of  this  outer  region  appeared  to  be  even  stronger,  relative  to  the  near  UV  component, 
than  that  of  the  central  region.  The  mechanism  of  excitation  of  this  outer  region  has  not  been 
established.  Although  spectral  radiant  intensity  values  for  tlie  outer  region  were  calculated  based  on 
the  reference  sprectral  shape  and  a  spectrally  flat  model,  these  values  must  be  considered  tentative  until 
a  reliable  spectral  model  is  available. 

The  time  dependence  of  the  plume  central  region  radiant  intensity  within  each  filter  interval 
showed  no  pronounced  trends  or  variations.  Momentary,  single-frame  peaks  exceeding  tlie  range  of 
normal  statistical  variation  were  detected.  Whether  these  can  be  correlated  with  missile  engine  events 
or  other  sensors  remains  to  be  seen. 

The  tracker  camera,  within  its  relatively  limited  resolution,  obtained  radiant  intensity  data  to 
450-nm  wavelength.  These  data,  taken  with  the  plume  camera  data  in  the  195  to  350-nm  band, 
support  the  conclusion  that  the  central  region  spectrum  is  quite  close  to  the  reference  model,  with  a 
relative  enhancement  of  the  emission  in  the  far  UV. 

The  Uiird  stage  of  the  missile  rose  to  a  higher  altitude  than  planned  and  burned  out  before 
descending  to  altitudes  where  a  bow  shock  might  occur.  The  UVPI  tracker  lost  track  when  the  missile 
ceased  firing  and,  thtrefore,  could  not  follow  the  third  stage  to  lower  altitudes.  Thus,  the  observation 
did  not  provide  a  test  of  the  existence  of  a  liuninous  bow  shock.  I 

A  very  large,  persistent  cloud  trail  from  tlie  Antares  stage  was  observed.  This  43-km  trail  was 
sufficiently  bright  and  persistent:  it  briefly  confused  the  UVPI  tracker. 

This  base  of  UV  radiometric  data  is  the  foundation  for  further  analysis  to  provide  refined 
interpretations  and  evaluation.  Comparison  with  models  and  with  data  from  sensors  on  other 
platforms  will  also  yield  improved  radiometric  results  and  an  enhanced  phenomenological 
understanding  of  UV  emission  by  solid  rocket  motors  in  the  upper  atmosphere. 
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UVPI IMAGIMG  FROM  THE  LACE  SATELLITE; 
THE  STRYPI  ROCKET  PLUME 


1.0  INTRODUCTION 
l.I  Background 

For  25  years  or  more,  the  military  establishment  has  been  interested  in  the  infrared  (IR) 
exhaust  plumes  of  rockets  and  jet  airplanes  because  heat-seeking  missiles  can  be  built  and  used  as 
counter-threat  weapons.  A  great  deal  of  time  and  money  has  been  spent; 

(a)  developing  these  heat-seeking  missiles  and  their  sensors,  and 

(b)  measuring  and  modeling  the  spectral  signatures  of  their  exhaust  plumes. 

For  example,  the  Standardized  Infra-Red  Radiation  Model  (SIRRM)  and  the  Composite  High  A1  ude 
Radiation  Model  (CHARM)  [1]  are  software  cories  that  can  predict  the  size,  shape,  intensity,  and  other 
pertinent  par^  ’ieterj  of  most  infrared  rocket  plumes  (given  the  altitude,  velocity,  fuel  type,  thrust,  and 
nozzle  characteristics).  In  short,  (a)  indicates  that  IR  technology  and  phenomenolo^  are  mature 
sciences,  and  (b)  clarifies  why  Phase  I  of  the  Strategic  Defense  Initiative  Organization's  (SDIO) 
program  is  dominated  by  IR  instrumentation  in  most  major  areas.  [A  Glossary  is  located  at  end  of 
report,  following  References.] 

Other  spectral  regions,  in  particular  the  ultraviolet  (UV),  have  not  attracted  as  much  attention 
from  the  defense  industry  as  IR.  Nevertheless,  during  the  past  few  years,  interest  in  the  ultraviolet 
emissions  of  plumes  and  tneir  use  in  passive  sensor  applications  has  increased,  partly  as  a  result  of 
plume  o'jservation  data  obtained  from  severrl  missions  carrying  UV  sensers.  Lawrence  Livermore 
National  Laboratory's  PROBF.  [2]  and  the  SDIO's  Delta  180  [3)  and  ISl  [4]  missions  are  examples. 
The  new  hope  is  that  two  items  -  the  UV  passive  emissions  from  the  plumes  of  the  booster  and 
postboost  veliicle  and  the  solar  scattering  from  the  plume  and  hardbody  -  can  be  used  effectively  in 
addition  to,  or  instead  of,  IR  emissions.  Signal  contrast  may  be  better  in  the  UV  because  the 
background  sunlight  reflected  from  Ea.'th  is  severely  reduced  by  the  orone  layer.  Also,  because  a 
rocket  plume  is  essentially  a  thermal  radiator,  only  the  hottest  regions  of  the  plume  will  tend  to  be 
bright  in  the  UV.  Thus,  the  UV  plume  will  tend  to  be  more  compact  than  the  IR  plume,  so  that 
aimpoint  and  hardbody  hand-off  problems  can  be  more  easily  solved  with  the  UV  plumes. 

Another  factor  favoring  the  use  of  UV  is  less  complex  hardware.  There  is  an  increasing 
awareness  that  infrared  sensors  are  destined  to  require  relatively  large,  cryogenically  cooled  focal 
plane  arrays.  Small,  high-quality,  ultraviolet  sensors,  which  do  not  require  cryogenic  cooling,  are 
currently  mass  producible  at  modest  cost.  Thus,  a  relatively  small  ultraviolet  optical  system  can 
achieve  diffraction-limited  resolution  equivalent  to  that  of  a  much  larger  IR  optical  system  while 
providing  significant  weight,  volume,  and  cost  savings.  As  a  result,  more  SDIO  missions  are  proposing 
to  use  UV  sensors  [for  example,  the  Brilliant  Pebbles  program  and  the  Air  Force  Armament 
Laboratory's  ULTRASEEK  (Ultraviolet  Seeker)  program].  In  addition  to  these  acquisition  and 
Lacking  applications,  boost-phase  .surveillance  and  tracking  systems  performing  early  warning, 
identification,  and  initial  trajectory  determination  functions  are  examining  the  potential  that 
ultraviolet  may  offer. 
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Although  the  UV  sensors  air  available,  there  is  a  general  shortage  of  information  as  to  what  to 
expect  in  real  Qight  situations  for  this  relatively  new  UV  technology.  Additional  data  arc  needed  to 
facilitate  the  application  of  this  technology.  For  example,  additional  data  are  needed  for  the  selection 
of  wavebands  best  suited  to  the  application,  the  design  and  evaluation  of  new  flight  systems,  and  the 
development  of  algorithms  for  tracking  and  hardbody  handoff.  Recently,  an  ad  hoc  subcommittee  of 
tfic  SDIO  Phenomenology  Steering  and  Analysis  Group  (PSAG)  was  convened  to  determine  the 
current  state  of  knowledge  of  plumes  and  backgrounds  in  ultraviolet  and  visible  ponions  of  the 
spectrum.  After  considerable  evaluation  of  existing  data  and  system  requirements,  the  subcommittee 
made  recommendations  regarding  plume  data  requirements  (5).  The  need  for  more  UV  data  is 
critical.  Both  plume  and  background  data  are  needed;  in-flight  and  ground-based  measurements  arc 
desired.  Operational,  solid-fueled,  upper-stage  plumes  in  normal  brost  trajectories,  both  dark  and 
sunlit,  are  the  third  highest  priority  after  liquid-fueled  upper  stages  and  post-boost  vehicles  at 
operational  velocities. 

The  Ultraviolet  Plume  Instrument  (UVPI),  carried  aboard  the  Low-power  Atmospheric 
Compensation  Experiment  (LACE)  satellite  launched  in  February  1990,  was  designed  to  collect  such 
plume  imagery.  A  moderately  priced  rocket  was  sought  to  serve  as  a  dedicated  target.  A  Strypi  XI 
three-stage  rocket  was  selected.  The  overall  objective  of  the  observation  was  to  gather  data  at  high 
altitude  (above  100  km)  from  space  in  the  solar  blind  UV  bands.  These  data  were  to  enhance  the 
understanding  of  plume  physics  and  chemistry  and  to  help  answer  questions  about  radiance,  spatial 
extent,  and  temporal  variability  of  plumct.  A  number  of  more  specific  objectives  are  listed  in  Section 
2.0,  which  desenbes  the  Strypi  mission  plan. 

1.2  Capability  of  UVPI 

The  Ultraviolet  Plume  Instrument  (UVPI)  is  carried  aboard  the  Low-power  Atmospheric 
Compensation  Expcrir.cnt  (LACE)  spacecraft.  The  UVPI's  mission  is  to  collect  images  of  rocket 
plumes  in  the  ultraviolet  waveband  and  to  collect  background  image  data  on  Earth,  Earth’s  limb,  and 
celestial  objects.  Background  object  imagery  already  collected  with  the  UVPI  includes  the  day  and 
night  Earth  limb  air  glow,  aurora,  sunlit  and  moonlit  clouds,  solid  Earth  scenes  with  varying  solar 
illumination,  cities,  and  stars. 

The  UVPI  was  assigned  to  the  LACE  spacecraft's  experiment  complement  after  the  spacecraft 
was  designed  and  after  its  fabrication  was  started.  Therefore,  the  UVPI  was  constrained  in  size,  weight, 
power  consun.ption,  and  telemetry  to  whatever  margin  remained  on  the  LACE  spacecraft.  'The 
requirement  that  the  UVPI  be  capable  of  high  spatial  resolution  created  a  need  for  highly  accurate 
instrument  pointing  on  a  gravity-gradient-stabilized  spacecraft.  The  instrument  did  not  have  direct 
access  to  spacecraft  attitude  measurements.  Subsequently,  this  led  to  the  requirement  for  flexible 
software  to  control  the  instrument 

The  LACE  satellite  was  launched  on  14  February  1990,  into  a  circular  orbit  at  an  altitude  of 
292  nautical  miles  (nmi)  and  a  43"  inclination.  The  UVPI  is  mounted  within  the  satellite  and  looks 
through  an  aperture  in  the  Earth-oriented  panel.  A  gimbaled  mirror  provides  UVPI  with  a  »lcld  of 
regard  of  a  50°-half-anglc  cone  about  the  satellite’s  nadir.  When  the  UVPI  is  not  in  use,  a  door  covers 
the  aperture.  Attached  to  the  inside  of  this  door  is  a  flat  mirror  that  allows  the  UVPI  cameras  to  view 
celestial  objects  or  the  Earth's  limb  when  the  door  is  partially  opened. 

1.2.1  Description  of  UVPI 

The  UVPI  sensor  assembly  (6,7]  contains  two  coaligned  camera  systems  that  arc  used  in 
concert  to  acquire  the  object  of  interest,  control  UVPI,  and  acquire  UVPI  images  and  radiometric 
data.  The  two  camera  systems  are  the  tracker  camera  and  the  plume  camera:  they  arc  discussed 
briefly  below.  The  two  cameras  share  a  fixed  10-cm  diameter  Cassegrain  telescope,  which  uses  a 
gimbalcd-planc-stccring  mirror  to  view  a  field  of  regard  that  is  a  50°-half-angle  cone  around  the 
nadir.  In  addition,  UVPI  contains  a  second  plane  mirror  on  the  instrument  door  that  can  be  set  at  an 
angle  of  approximately  45®  relative  to  nadir.  It  can  be  used  in  conjunction  with  the  steering  mirror  to 
view  Earth’s  limb  and  stars  near  the  limb.  The  configuratipn  of  the  UVPI  is  described  in  detail  in 
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Appendix  A,  and  the  radiometric  response  of  UVPI  is  discussed  in  Appendix  B.  The  characteristics  of 
the  UVPI  have  been  previously  reported  (7,8]. 

The  tracker  camera  is  an  intensified  CCD  camera,  which  is  sensitive  over  a  wide  wavelength 
range  extending  from  255  to  450  nm.  The  overall  response  of  the  tracker  camera  as  a  function  of 
wavelength,  including  the  effects  of  the  bandpass  filter  in  the  camera  system,  the  photocathodc 
response,  and  the  other  optical  elements,  is  shown  in  detail  in  Fig.  1.  This  camera  has  a  relatively  wide 
toti  field  of  view  of  1.97  by  2.62°  and  images  over  this  full  field  of  view  can  be  recorded  at  the  5  llz 
image  rate.  The  tracker  camera  can  also  be  operated  in  a  mode  where  the  field  of  view  is  restricted  to 
the  central  17%  of  the  full  field  of  view,  and  the  image  rate  is  increased  to  30  Hz.  Tlic  intensifier  gain 
and  the  exposure  time  of  the  camera  can  be  controlled  to  provide  a  radiometric  dynamic  range 
greater  than  106. 


Fig.  1  ■  Trtckcr  camen:  net  quantum  efficiency  curve 


The  'racker  camera  has  three  primary  fiinaions  that  are  important  for  UVPI  operation.  First, 
the  tracker  caraera,  with  its  wide  field  of  view  and  bright  image,  is  used  to  acquire  the  object  or  image 
of  interest.  Second-  the  tracker  camera  image  can  be  processed  on  board  UVPI,  if  desired;  the  result 
can  be  used  to  control  the  gimbaled  mirror  so  that  UVPI  autonomously  tracks  the  object  of  interest. 
Third,  the  tracker  camera  is  calibrated  so  that  it  can  acquire  radiometric  data  within  its  bandpass. 

The  plume  camera  is  also  an  intensified  CCD  camera  that  operates  in  the  ultraviolet.  The 
plume  camera  optical  train  contains  a  filter  wheel  that  has  four  selectable  filters  with  bandpasses  in  the 
195  to  350  nm  range.  The  overall  response  of  the  plume  camera  for  each  of  these  four  filters  is 
shown  in  detail  in  Fig.  2.  The  plume  camera  has  a  total  field  of  view  of  0.180  by  0.135°,  with  a 
correspondingly  higher  resolution  than  can  be  achieved  by  the  tracker  camera.  Images  over  the  full 
plume  camera  field  of  view  can  be  recorded  at  a  5  Hz  image  rate.  Like  the  tracker  camera,  the  plume 
camera  can  also  be  operated  in  a  mode  where  the  field  of  view  is  restricted  to  the  central  17%  of  the 
full  field  of  view,  and  the  image  rate  is  increased  to  30  Hz.  The  intensifier  gain  can  be  controlled  to 
provide  a  radiometric  dynamic  range  greater  than  106. 

The  primary  function  of  the  plume  camera  is  to  acquire  images  and  radiometric  data  within 
the  four  selectable  wavelength  bands.  UVPI  was  not  designed  to  use  the  plume  camera  for  tracking 
because  of  the  relatively  dim  images  expected  in  these  wavelength  bands. 

In  typical  operation,  the  UVPI  is  programmed  via  ground  command  to  point  at  the  expected 
location  of  the  plume  or  other  object  of  interest.  UVPI  then  enters  a  selected  scan  pattern  until  the 
desired  object  enters  the  field  of  view  of  the  tracker  camera.  The  tracker  camera  and  control 
electronics  on  board  UVPI  then  track  the  object,  and  both  cameras  gather  image  and  radiometric 
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data.  The  plume  camera  filter  can  be  changed  as  desired  during  this  data  collection  to  select 
wavelength  bandpasses.  If  the  plame  or  object  of  interest  is  temporarily  lost  because  of  a  coasting 
phase  between  rocket  stages  or  some  other  reason,  UVPl  can  be  commanded  to  enter  various 
extrapolation  or  search  modes. 
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Fig.  2  -  Plume  esmtra:  net  quantum  efficiency  curves 


1.2.2  Description  of  LACE  Satellite 

The  Low-power  Atmospheric  Compensation  Experiment  (LACE)  satellite  was  designed  and 
built  by  the  Naval  Research  Latioratory  (NRL)  in  Washington,  D.C.  The  satellite.  Fig.  3,  was  launched 
on  February  14.  1990,  into  a  circular  orbit  at  an  altitude  of  292  nmi  and  a  4"^°  inclination.  The 
spacecraft  weighs  3175  lb.  The  body  of  the  spacecraft  is  box-shaped,  4.5  ft  by  4.5  ft  and  8  ft  high. 
Gravity  gradient  stabilization  is  provided  by  a  150-ft  retractable  boom  with  a  200-lb  tip  mass 
emerging  from  the  top  of  the  spacecraft.  ITic  LACE  satellite  has  no  orbit  adjustment  capability. 


Fig.  3  -  Schematic  of  LACE  satellite 
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The  satellite’s  primary  purpose  is  to  provide  an  orbiting  ir^iiumcnted  target  board  capable  of 
measuring  the  effects  of  active  compensation  of  a  ground-based  laser  beam  propagated  through  the 
atmosphere.  The  LACE  spacecraft  was  designed  to  *';ppon  this  experiment  for  30  months.  NRL 
operates  three  ground  stations  to  communicate  witlr  and  control  the  LACE  satellite.  Two  of  the  three 
ground  stations  arc  transprortable.  Each  transportable  ground  station  (TGS)  (built  by  NRL)  is 
designed  around  two  18-ft  truck  tnilers.  One  trailer  houses  the  telemetry,  command,  and 
communications  equipment;  th'*  other  provides  an  uninterruptible  power  supply  and  work  area.  The 
third  ground  station  is  permanently  located  in  Maryland.  These  stations  provide  all  the  command  and 
communication  links  for  the  LACE  spacecraft. 

2.0  STRYPI  ^^SSION  PLAN 

2.1  Scientific  Objectives  for  UVPI 

The  primary  goal  of  the  Strypi  mission  [9,10]  for  UVPI  was  to  collect  spatially  resolved, 
radiometric  UV  plume  data  for  the  second  and  third  stages  of  the  rock'*t.  This  was  to  be 
accomplished  by  using  UVPI’s  capabilities  for  tracking  and  imaging  a  moving  target  at  long  range. 
The  plume  camera  filters  were  cycled  to  vary  the  wavebands.  Emphasis  was  placed  on  the  solar-blind, 
mid-UV  bands  because  this  data  can  be  obtained  only  from  a  space-based  sensor,  and  it  has  the  best 
potential  for  high  signal-to-background  contrast.  Pointing  accuracy  was  optimized  because  that 
simplifies  registration  of  images  when  superposed  (a  necessary  procedure  for  improving  statistics). 
The  UVPI  observation  was  coordinated  with  ground  observations  that  provided  infrared  and  visible 
band  data  as  important  supplements  to  ‘die  UV  data. 

A  secondary  goal  was  to  observe  any  serendipitous  special  events  such  as  transients,  puffs, 
chuffing,  clouds,  or  contrails.  The  brightness,  size,  frequency,  and  persistence  of  such  phenomena 
provide  useful  information. 

Another  secondary  goal  was  to  observe  the  bow  shock,  if  any,  associated  with  reentry  of  the 
Star  27  stage. 

The  specific  cbjectives  of  the  mission,  related  to  UVPI  data,  arc  given  in  the  following 
suVections.  TTiey  revolve  around  a  number  of  questions  concerning  plume  radiance,  spatial  extent, 
temporal  variability,  and  spectral  shape  of  the  UV  emissions  [5,10,11].  The  objectives  are  grouped 
under  headings  reflecting  these  subjects. 

2.1.1  Radiometrics 

The  following  four  objectives  are  basic  to  those  listed  in  the  subsequent  subsections. 

•  Obtain  isoradiance  contours  for  multiple  plume  camera  bandpasses  for  the  Antares  and 
Star  27  plumes. 

•  Obtain  radiant  intensity  measurements  in  multiple  plume  camera  bandpasses  for  the 
Antares  and  Star  27  plumes  based  on  the  entire  field  of  view  of  the  plume  camera  and  on 
a  subregion  corresponding  approximately  to  a  plume  core. 

•  Compare  radiometric  measurements  for  Antares  and  Star  27  plumes  wibh  those  generated 
by  the  CHARM  1.3  computer  code. 

•  Provide  radiometric  measurements  for  nonplume,  transient  phenomena,  if  any. 

2.1.2  Spatial  Features 

•  Obtain  the  length  of  each  of  the  Antares  and  Star  27  plume  central  regions  and 
investigate  implications  for  cooling  tz  •  and  emissivity  of  panicles. 

•  Determine  the  shapx;  of  the  shock  boundary/mixing  layer  for  different  velocities  of  the 
rocket. 

•  Identify  asymmetries  in  plume  shape  and  investigate  angle  of  attack  a-nd  uneven  burning 
as  possible  causes. 
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2.13  Temporal  Features 

•  Identify  temporal  trends  in  radiometrics  and  investigate  possible  dependence  on  rocket 
velocity  at  fixed  altitude. 

•  Investigate  radiometric  fluctuations  to  determine  whether  short-term  variations  in 
brighmess  are  observed. 

•  Identify  changes  with  time  in  the  shape  of  the  plumes’  outer  regions,  if  any,  and 
investigate  possible  dependence  on  rocket  velocity  at  fixed  altitude. 

•  Identify  persistence  and  cumulative  effects,  if  any,  in  plumes  or  nonplume  phenomena. 

2.1.4  Spectral  Features 

•  Compare  the  shape  of  the  plume  central  region’s  emission  spectrum  from  the  multiple 
bandpass  measurements  with  a  reference  spectral  shape  and  spectral  shape  determinations 
based  on  other  sensors. 

•  Relate  tracker  camera  measurements  to  visible  and  infrared  measurements  made  by  other 
sensors. 

•  Characterize  the  emission  spectrum  for  the  plumes’  outer  regions,  if  any. 

2.2  Strypi  Description  and  Planned  Trajectory 

2.2.1  Strypi  Description 

A  Strypi  XI  three-stage  solid-propellant  rocket  system  (Fig.  4)  was  chosen  to  be  the  target 
vehicle  for  this  mission.  Thrust,  performance,  cost,  and  quick  availability  were  considerations  in  the 
choice.  Strypi  is  approximately  13  m  (43  ft)  long  and  0.787  m  (31  in.)  in  diameter.  Table  1  provides 
a  summary  of  Strypi  XI  rocket  motor  characteristics. 

The  first  stage  was  a  Castor  rocket  motor.  Its  thrust  was  augmented  by  two  strap-on  Recruit 
boosters.  The  Recruits  burned  for  about  two  seconds  and  were  Jettisoned  seconds  later. 

The  second  stage  was  an  Antares  II  rocket  motor.  It  used  a  double-base  propellant  with 
20.6%  aluminum  as  fuel.  The  profile  and  characteristics  of  the  Antares  II  rocket  motor  are  shown  in 
Fig.  5, 

The  third  stage  thrust  was  provided  by  a  Star  27  rocket  motor.  The  Star  27  motor  used  an 
aluminized  composite  propellant  (ammonium  perchlorate/aluminum).  The  profile  and  characteristics 
of  the  Star  27  rocket  motor  are  shown  in  Fig.  6. 

Instrumentation  for  the  bow  shock  experiment  [12,13]  was  contained  inside  a  jettisonable 
shroud  at  the  nose  of  the  rocket.  This  instrumentation  included  8  forward-viewing  photometers,  a 
spectrometer,  a  130.4-nm  atomic  oxygen  experiment,  an  electron  microprobe,  and  a  121.6-nm 
hydrogen  Lyman-a  ionization  chamber,  all  of  which  were  mounted  in  the  nose  dome  and  took 
measurements  through  quartz  windows.  There  were  also  8  aft-viewing  photometers  and  a 
spectrometer,  which  viewed  the  rocket  motor  plumes  through  periscopes.  After  the  Star  27  bum,  the 
periscopes  were  jettisoned,  and  these  photometers  viewed  the  bow  shock  directly  through  quartz 
windows. 
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Fig.  4  -  Strypi  XI  rocket* 


•Figure  reprinted  from  Ref.  14. 


Table  1  -  Strypi  XI  Rocket  Motor  Characteristics 


Motor 

■Hi 

bbqh 

itismiiHi 

I 

- 4573 - 

IJ2S 

Recruit 

1 

Z16 

34,800  (il) 

39,700 

343 

94 

Anuiei  O-A 

X259-A6 

S/N  YJ-02A)I40 

2 

33.00 

21,030  (vac) 

71,200 

2,820 

224 

Sur27 

TE-M-6I6S/N42 

3 

41.33 

3,900  (vac) 

214300 

798 

61 

Note:  VIC  z  vacuum,  il  z  tea  level.  Baud  on  infotTnaiian  from  Ref.  14. 
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Antares  II  Motor 


Nozzle  Oiaractcristics 


Initial  throat  diameter  6.67  in. 

Final  throat  diameter  7.08  in. 

Exit  plane  diameter  27.01  in. 

Exit  cone  half-angle  15.0° 

Expansion  ratio  17.9 

CYI-75  Propellant  Constituents 

(wt%) 

Ammonium  perchlorate  (oxidizer)  7.5 

Cyclotetramethylenetetranitramine  (oxidizer)  15.0 
Nitrocellulose  ^inder-plasticizcr)  22.5 

Nitro^ycerin  (oxidizer-plasticizer)  26.3 

Aluminum  (fuel)  20.6 

Triacetin  (plasticizer)  6.0 

Resorcinol  (stabilizer)  1 . 1 

2-Nitrodiphenylamine  (stabilizer)  1.0 

Typical  Exhaust  Gas  Composition 

(nmles/lOOgm) 

CO2  0.0432 

CO  1.3918 

H2O  0.1707 

HQ  0.0604 

H2  0.9848 

N2  0.5132 

H  0.0182 

AI2O3  (solid)  0.3669 


Fig.  5  -  Antares  n  rocket  motor* 


*Figiire  reprinted  from  Ref.  14. 
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Star  27  Motor 


Nozzle  Characteristics 

Initial  throat  diameter  2.74  in. 

Final  throat  diameter  2.91  in. 

Exit  plane  diameter  19.13  in. 

Exit  plane  half-angle  15.0® 

Effective  cone  half-angle  17.2® 

Expansion  ratio  45.94 

TP-H-3135C  Propellant  Constituents 

(wt%) 

Ammonium  perchlorate  (oxidizer)  72.0 

Carboxy-terminated  polybutadiene 
(CTTB)  (binder)  (cured  with 
epoxy  resin  and  MAPO)  12.0 

Aluminum  (fuel)  16.0 

Typical  Exhaust  Gas  Composition 

(mole  fractions) 

CO2  0.02621 

CO  0.20851 

H2O  0.17211 

HQ  0.16619 

H2  0.25477 

N2  0.08471 


AI2O3  (solid) 


0.08128 


Fig.  6  -  Sur  27  rocket  motor* 

•Figure  reprinted  from  Ref.  14. 


2.2.2  Planned  Strypi  Trajectory 


The  planned  trajectory  of  the  Strypi  XI  test  vehicle  called  for  a  launch  from  the  Kauai  Test 
Facility  (KTF)  at  the  U.S.  Navy  Paciric  Missile  Range  Facility  (PMRF),  Barking  Sands.  Kauai,  Hawaii. 
The  Strypi  trajectory  was  selected  to  provide  maximum  viewing  time  for  UVPl  and  also  for  the 
sensors  located  at  &e  Air  Force  Maui  Optical  Site  (AMOS).  These  requirements  resulted  in  a 
southbound  trajectory  running  parallel  to  a  descending  LACE  pass  (Fig.  7).  The  nominal  velocity 
and  altitude  profiles  of  the  St^i  trajectory  are  shown  in  Fig.  8.  The  planned  sequence  of  events  for 
the  Strypi  flight  is  shown  in  Fig.  9. 
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Fig.  7  -  LACE  trajectory  relative  to  Strypi  trajectory  pjg  g  .  Stiypi  nominal  altitude  and  velocity  profiles 


Fig.  9  •  Planned  sequence  of  events 


Another  choice  involved  the  selection  of  a  high  or  a  low  trajectory.  The  high  trajectory, 
approximately  400-km  peak,  provided  minimum  range  between  UVPI  and  one  of  the  three  regions 
of  interest  (Antares  bum,  Star  27  bum,  or  bow  shock).  The  low  trajectory,  120-km  peak,  provided 
maximum  viewing  time  for  all  three  flight  regions  but  at  a  greater  range.  The  latter  option  was 
selected  for  its  higher  chance  of  success  and  the  scientific  community's  desire  to  observe  all  three 
flight  regions. 

To  meet  range  safety  requirements,  Strypi  had  to  be  launched  to  the  southwest  on  an  azimuth 
of  approximately  208®  to  clear  the  Kauai  area.  Once  the  rocket  was  a  safe  distance  from  land,  a  dog¬ 
leg  turn  in  the  trajectory  put  Strypi  on  the  planned  azimuth  (approximately  134°)  for  the  encounter. 
Initially,  this  encounter  portion  of  the  trajectory  ran  parallel  to  the  LACE  orbit,  but  the  resultant 
impact  point  was  too  close  to  the  island  of  Hawaii.  The  azimuth  was  increased  slightly  to  allow  a  wider 
safety  margin  at  the  impact  point. 
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The  missile  was  stabilized  by  fins  and  was  unguided  during  the  first-stage  bum.  The  Castor 
fins  were  canted  to  0.75°  to  impart  a  spin  rate  to  the  vehicle  of  approximately  2.4  revolutions  per 
second  at  Castor  burnout. 

After  Castor  burnout,  Strypi  coasted  until  it  was  exoatmosphcric,  approximately  at  70-km 
altitude.  At  this  point,  the  expended  Castor  stage  and  the  rose  shroud  were  jettisoned.  A  cold-gas 
attitude-control  system  was  then  activated,  and  Strypi  wa«  reoriented  to  die  proper  attitude  for  Antares 
ignition.  The  vehicle  was  stabilized  during  the  second-stage  bum  by  the  spin  imparted  by  the  first- 
stage  fins. 

Following  Antares  burnout,  the  attitude  control  system  reoriented  the  vehicle  for  the  firing  of 
the  third  stage.  Tlus  attitude  was  selected  to  provide  a  0°  angle  of  attack  at  100-km  altitude  uuring 
reentry.  The  spin  rate  was  reduced  to  approximately  2  revolutions  per  second  prior  to  Star  27 
ignition  in  order  to  be  within  that  motor's  certification  range.  Just  prior  to  third-stage  ignition,  the 
expended  second  stage,  which  included  the  Antares  rocket  motor  and  the  attitude  control  system,  was 
jettisoned.  The  velocity  of  the  third  stage  was  predicted  to  be  about  5  km/s  at  burnout.  Reentry  was 
expected  to  start  about  the  time  of  third-stage  burnout  at  an  altitude  of  100  km. 

2.3  Planned  Plume  Observation 

The  Strypi  launch  and  UVPI  encounter  were  designed  around  a  descending  LACE  pass  over 
the  TGS  at  Kihea,  Maui.  A  brief  summary  of  the  planned  encounter  follows.  The  detailed  plans  are  in 
Appendix  C. 

Upon  the  launch  of  the  Strypi  missile,  the  actual  launch  time,  the  modified  Antares  ignition 
'lime,  and  the  trajectory  type  (i.e.,  nominal  or  dispersed)  were  to  be  incoiporated  into  the  real-time 
computation  of  the  Antares  pointing  function,  which  would  then  be  transmitted  to  the  UVPI.  Prior  to 
Antares  ignition,  the  UVPI  was  to  point  along  the  Strypi  trajectory  and  attempt  to  acquire  the  rocket 
by  using  a  circular  scan,  as  described  in  Appendix  C.  Upon  acquisition,  the  UVPI  was  to  switch  to  its 
data  acquisition  mode.  The  four  plume-camera  filters  were  to  be  used  in  sequence  during  the  35-s 
Antares  bum.  After  Antares  burnout,  the  UVPI  was  to  point  along  the  predicted  trajectory  and,  after 
Star  27  ignition,  acquire  this  stage.  Again,  the  UVPI  was  to  switch  to  data  acquisition  mode,  observing 
through  3  of  the  4  plume-camera  filters  during  the  4I-s  bum.  The  planned  filter  change  sequence 
and  filter  observation  durations  are  shown  in  Tables  C2  and  C3  in  Apixndix  C. 

The  Strypi  bow  shock  emission  region  was  expected  to  start  at  the  end  of  the  Star  27  bum  at 
100-km  altitude  and  end  at  an  altitude  of  about  40  km,  about  60  s  after  burnout.  The  UVPI  would 
acquire  data  using  plume-camera  filters  2,  3,  and  4.  The  tracking  of  the  Strypi  during  the  bow  shock 
phase  was  uncertain  because  of  the  absence  of  a  rocket  plume,  so  a  reacquisition  procedure 
(described  in  Appendix  C)  was  prescribed  in  the  event  of  tracking  loss.  ^ 

2.4  Viewing  Expectations  ' 

2.4.1  Expected  Geometry  and  Pointing  | 

As  described  in  Appendix  C,  the  launch  time  was  selected  to  optimize  the  viewing  geomltry 
between  UVPI  and  Strypi  during  the  critical  flight  regions.  The  highest  priority  was  placed '  on 
viewing  the  Antares  bum.  \ 

For  the  selected  launch  time  of  14:18:35  GMT,  the  range  between  UVPI  and  Strypi  on  a 
nominal  trajectory  decreases  from  about  525  km  to  450  km  during  the  Antares  bum,  and  the  aspect 
angle  between  UVPI  and  the  rocket  spin  axis  decreases  from  108°  to  84°  during  the  same  period.  The 
optimal  aspect  angle  is  90°.  During  the  Star  27  bum,  the  range  increases  from  about  475  km  to  550 
km,  and  the  aspect  angle  decreases  from  74°  to  61°.  The  range  during  the  nominal  bow  shock 
emission  increases  from  550  km  to  650  km,  and  the  aspect  angle  decreases  from  61°  to  54°. 
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2.4.2  Expected  Radiometrics  (CHARM  1.3  Predictions) 

The  propellant  in  the  Antares  is  a  modified  double-base  composition,  basically  nitroglycerin 
and  nitrocelluose,  which  has  been  enhanced  with  other  additives  including  7.5%  ammonium 
perchlorate  oxidizer  and  20.6%  powdered  aluminum.  The  Star  27  rocket  motor  propellant  is  a 
composite  with  a  composition  of  72%  ammonium  perchorate  oxidizer  and  16%  powdered  aluminum, 
with  a  small  amount  of  hydrocarbon  binder.  The  combustion  products  for  both  rocket  motors  are 
AI2O3  particles,  H2O,  CO,  CO2.  and  other  gases.  The  temperatuie  inside  the  rocket  motor  chamber  is 
typically  3200  K,  which  is  hot  enough  to  melt  the  AI2O3  (melting  point  =  2320  K)  but  not  hot 
enough  to  vaporize  it  (boiling  point  =  approximately  3700  K).  As  the  exhaust  exits  the  rocket  nozzle 
it  cools,  and  the  AI2O3  begins  to  solidify.  The  temperature  of  the  exhaust  decreases  further  as  it 
moves  away  from  the  rocket  [14]. 

In  the  ultraviolet,  the  emission  from  the  plume  central  regions  of  these  rocket  motors  is 
expected  to  be  dominated  by  thermal  emission  from  hot  particles  of  AI2O3.  In  a  simplified  model, 
the  temperature  of  the  AI2O3  particles  is  taken  to  be  constant  at  the  solidification  temperature  of 
2320  K  because  the  latent  heat  of  fusion  causes  the  temperamre  of  the  particles  to  pause  momentarily 
at  this  point  as  they  cool.  In  the  outer  region,  other  thermophysical  processes  can  produce  emission 
bands  arising  from  exhaust  gases  or  atmospheric  constituents,  and  tliese  will  contribute  to  the 
spectrum. 

I 

Even  in  the  simplified  model,  in  which  the  AI2O3  panicles  in  the  plume  are  assumed  to  be  at  a 
uniform  temperature  of  2320  K,  the  plume  emission  is  different  from  a  2320  K  blackbody  for  two 
primary  reasons.  First,  the  plume  consists  of  a  rather  transparent  cloud  of  particles,  and  the  total 
emission  from  the  cloud  is  substantially  less  than  would  be  the  case  from  a  solid  object  the  same  size 
as  the  plume.  Second,  the  AI2O3  particles  are  typically  a  few  microns  in  size  and  arc  inefficient 
emitters  of  visible  and  longer  wavelengths.  The  effective  emissivity  for  2.3-micrometer  (pm)  AI2O3 
particles  (as  a  function  of  wavelength)  resulting  from  this  effect  is  shown  in  Fig.  10. 


Fig.  10  -  Effective  emissivity  of  a  23-lun  alumina  particle 


Initially,  a  modified  form  of  the  code  CHARM  1.2*  was  used  to  model  the  response  of  the 
UVPI  to  the  Antares  and  Star  27  rocket  plumes  to  determine  the  relative  risk  of  observation  and  to 
estimate  the  signal-to-noise  ratio  of  each  plume  in  the  tracker  camera  [10].  As  a  result  of  this 
modeling,  it  was  decided  that  the  Antares  plume  would  be  the  primary  target  because  its  stronger 
signal  would  provide  the  better  chance  of  a  successful  observation. 


*  The  CHARM  codes,  CHARM  1.2  and  CHARM  1.3  (a  later  version  of  the  same  code),  are  primarily  infrared 
simulation  codes  and  must  be  modified  to  extend  their  predictions  to  the  ultraviolet 
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Each  rocket’s  emission  was  also  modeled  for  all  four  filter  bandpasses  of  the  UNTI's  plume 
camera.  This  information  was  used  to  detennine  the  desired  sequence  of  the  plume-camera  filters  for 
the  Antares  and  Star  27  bums.  Filter  PC-4  was  selected  to  begin  the  observation  of  the  Antares  plume 
because  its  wider  bandpass  would  provide  the  brightest  signature.  Filter  PC-4  responds  to  wavelengths 
longer  than  300  nm,  which  pass  through  the  ozone  layer,  and  iu  primary  purpose  would  be  to  obtain 
a  few  seconds  of  data  for  comparison  with  that  from  ground-based  and  airborne  sensors.  Filters  PC-1 
and  PC-3  observe  wavelengths  that  do  not  pass  throu^  the  ozone  layer  and,  thus,  cannot  be  observed 
from  the  ground.  Use  of  these  filters  would  provide  unique  data.  Since  the  UVPI  plume  camera  filters 
must  be  cycled  in  sequence,  a  few  seconds  of  data  using  filter  PC-2  would  be  collected  to  complete 
the  data  set,  even  though  PC-2  passes  wavelengths  that  can  be  observed  from  the  ground.  Therefore, 
the  filter  selection  for  the  Antares  bum  should  start  with  a  few  seconds  of  using  filter  PC-4,  then 
switch  to  PC-3  for  severaJ  seconds,  then  switch  to  PC-2  for  a  brief  data  collection  opportunity,  and 
end  in  PC-1  for  several  seconds  of  data  prior  to,  and  including,  the  burnout. 

The  filter  sequence  for  the  Star  27  bum  should  emphasize  the  use  of  filters  PC-1  and  PC-3 
that  pass  wavelengths  that  are  invisible  from  the  ground.  Therefore,  the  Star  27  observation  should 
start  with  filter  PC-1  for  several  seconds,  then  collect  data  for  a  few  seconds  using  PC-2,  and  then 
switch  to  PC-3  and  use  that  filter  for  the  remainder  of  the  Star  27  burn.  This  will  allow  collection  of 
data  from  the  burnout  of  the  Star  27  in  a  band  that  is  invisible  to  ground-based  and  airborne  sensors. 

A  subsequent  calculation  of  the  radiometrics,  (assuming  a  500-km  range)  using  CHARM  1.3 
(a  presumably  more  accurate  code  than  CHARM  1.2)  yielded  the  results  shown  in  Tables  2  and  3  for 
the  expected  intensities  of  each  stage  and  filter  combination  in  units  o'  W/sr  [15].  [Conversion  of  W/sr 
to  photoevents/irame  was  done  by  using  the  conversion  factors  for  each  fiber  shown  in  Table  17]. 


Table  2  -  Expeaed  Intensities  for  Antares  Stage 


Filter 

W/sr 

1  Photoevents/Fraine 

PC-l 

66.7 

70.1 

PC-2 

45.0 

75.2 

PC-3 

17.4 

13.9 

PC-4 

226.6 

1,302.0 

TC 

1200.0 

37,151.0 

Table  3  •  Expected  Intensities  for  Star  27  Stage 


1  Filler  |  W/sr 

Photoevents/Frame 

PC-1 

11.4 

iT9 

PC-2 

7.5 

12.5 

PC-3 

2.9 

2.3 

PC-4 

36.2 

208.0 

TC 

181.3 

5.613.0 

The  expected  size  and  shape  of  the  plumes,  as  predicted  by  CHARM  1.3,  is  given  in  more 
detail  in  Section  S. 

3.0  STRYPI  OBSERVATION 

The  Strypi  XI  veliicle  was  launched  from  Pad  1  at  the  Kauai  Test  Facility  (KTF),  which  is 
located  on  the  U.S.  Navy  Pacific  Missile  Range  Facility  CPMF-Flt  Barking  Sands,  Kauai,  Hawaii,  at 
14:18:35  GMT  on  18  February  1991, 

The  weather  at  the  time  of  launch  was  generally  clear  with  scattered  clouds.  Neither  LACE 
nor  Strypi  was  illuminated  by  the  sun  or  the  moon  a:  any  time  during  the  observation. 
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Figum  11  shows  that  the  second-stage  Antares  rocket  and  the  third-stage  Star  27  rocket 
followed  a  southbound  trajectory  approximately  parallel  'vith  the  LAQE  satellite’s  descending  pass 
over  Hawaii.  The  sequence  of  events  that  occurred  during  the  Strypi  XI  night  and  the  corresponding 
UVPI  frame  numbers  are  given  in  Table  4.  The  events  refer  to  Fig.  9.  A  description  of  ihe  nominal 
Su7pi  XI  events  i:  presented  in  Section  2.0. 


tengiM* 

Fig.  11  -  LACE  ground  track  for  orbit  SS82  - 18  February  1991 


Table  4  -  Strypi  Sequence  of  Events* 


Event 

1  Frame 

GMT 

1  TAIjO(s) 

1  Description 

1 

5700 

14:18:35.0 

0.0 

Liftoff— castor  & 
recruits  ignition 

2 

5766 

14:18:37.2 

2.2 

Recruits  burnout 

3 

5790 

14:18:38.3 

3.0 

Jettison  recruits 

4 

6959 

14:19:17.0 

42.0 

Castor  bums  out 

5 

8101 

14:19:55.1 

80.1 

Jettison  castor 

6 

8131 

14:19:56.1 

81.1 

Eject  nose  cone 

7 

9000 

14:20:25.1 

110.1 

Periscopes  up 

8 

10352 

14:21:10.2 

155.2 

Antares  ignition 

9 

11425 

14:21:46.0 

191.0 

Anures  bums  out 

10 

12147 

14:22:10.1 

215.1 

Jettison  antares 

10a 

12525 

14:22:22.7 

227.7 

Antares  bumps  Star  27 

11 

12867 

14:22;34.1 

239.1 

Star  27  ignition 

12 

13994 

14:23:11.7 

276.7 

Star  27  burnout 

13 

14159 

14:23:17.2 

282.2 

Eject  periscopes 

14 

14183 

14:23:18.0 

283.0 

Begin  bow  shock 

*The  time  of  eventa  *vas  obtained  &om  Srndia  National  l  aboratories  and  is  based  on  separation 
monitors,  SANDAC  moniton,  and  fire  module  capacitor  voltages. 


lACDUVPI.  Strypi 
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3.1  Strypi  Performance 

Strypi  was  launched  cn  time  and  had  close,  to  nominal  performance  until  the  separation  of  the 
third  stage  resulted  in  some  problems.  This  stage  contained  the  Star  27  motor.  Figure  12  shows  the 
actual  velocity  and  altitude  profiles  of  Strypi  as  determined  from  onboard  telemetry.  Detailed  tables 
of  the  Strypi  trajectory  parameters  as  a  function  of  time  are  given  in  Appendix  G.  The  first  stage  was 
less  than  1®  off  in  azimuth  at  burnout,  which  was  closer  to  the  planned  nominal  trajectory  than  to  any 
of  the  preflight-defined  dispersed  trajectories.  To  compensate  for  first-stage  trajectory  anomalies,  the 
Antares  ignition  time  was  changed  from  the  nominal  T+152  s  to  T+155.1  s.  The  onboard  active 
guidance  and  control  system  of  the  second  stage  brought  Strypi  witiiin  about  2.5  kin  of  the  nominal 
target  point  for  ignition  of  the  third  stage.  However,  it  is  believed  that  the  Antares  second-stage  casing 
bumpe'^  the  Star  27  stage  just  prior  to  the  Star  27  ignition.  This  caused  a  third-stage  coning  with 
about  a  10°  half-angle  during  the  Sta’’  27  bum  and  causeo  a  lofting  of  the  trajectory.  Star  27  burnout 
occurred  at  T+276.7  seconds,  when  Strypi  was  at  an  altitude  of  112.3  km  with  a  velocity  of  5.04 
km/s.  The  nominal  values  for  Star  27  burnout  are  T+280  s,  99.4  ton,  and  5.09  km/s.  The  difference  in 
altitude  is  important;  it  is  believed  to  be  the  primary  cause  for  failure  to  detect  the  bow  shock 
emission  with  UVPI. 


0  80  too  ISO  ZOO  ZSO  300  390 

Saoondi  Aftar  UureX 

Fig.  12  •  Strypi  oldtude  ind  velocity  pronies 

The  angle-of-attack  and  rocket  motor  chamber  pressure  profiles  for  the  Antares  and  Star  27 
bums,  as  determined  from  telemetry,  are  shown  in  Figs.  13  and  14,  respectively. 


*  CharntMT 

Pr««tura 


160  170  180  ISO  200 

Seconds  Altar  Launch 

Fig.  13  •  Antares  chamber  press  jxe  and  angle  of  attack 


’  C^ambar 


230  240  250  260  270  280  200 

Seconds  Aflar  Uunch 

Fig.  14  -  Star  27  chamber  pressure  and  angle  of  attack 
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U:I9;29 


14:19:47 


LACEIUVPI:  Sirypi 
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Table  5  -  Strypi  Encounter  List  of  Commands  (Corn’d) 


HESSSiHi 

K^HSB 

UVPI  Deliyed- Execution  Conunands 

UVPI  Real-Time  Commands 

14:2334 

299.0 

14662 

Plume:Tracker  frame  ratio  2:8 

I433;-l0 

305.0 

14842 

GSIP  froze 

1433:43 

308.0 

14932 

Filter  wheel  position  4 

1433:48 

313.0 

15082 

Activate  joystick 

1434:13 

338.0 

15831 

Strypi  LOS  (40  km) 

14:2433 

348.0 

16131 

TurnoirAGC 

1434:24 

349.0 

16161 

Set  track  and  plume  MCP  gains  to  0 

143434 

349.0 

16161 

Park  gimbal  mirror 

' 

143434 

349.0 

16161 

Turn  off  tape  recorder 

14:2435 

350.0 

16191 

Close  door  fkill; 

143435 

380.0 

17090 

Start  Dark  Field  DaU  Test 

143437 

3830 

17150 

Turn  on  tape  recorder,  tape  unit  A 

1435:18 

403.0 

17780 

Turn  off  tape  recorder 

143539 

414.0 

Command  UVPI  ihutdown 

1437:26 

531.0 

Command  UVPI  diutdown 

14:2736 

531.0 

KHEILOSS* 

Figure  15  correlates  the  telemetry  frame  numbers  with  the  time  after  liftoff.  The  linear 
equation  for  this  is  given  as; 

TALO  s  (  FRAME  -  5700. 1)  /  29.975 


Tini*(iac) 

Fig.  15  -  Telemeny  &vne  v»  time  «fier  liftoff 


3.2.1  UVP I  Pre-Encounter  Activities 

When  Maui  TGS  acquired  the  telemetry  signal  at  14:17:19  GMT,  UVPI's  status  was  nominal. 
The  target  star,  gamma  Velorum,  appeared  to  be  in  a  good  position,  so  UVPI  was  declared  ready  for 
Strypi  launch  at  14:18:03,  17  s  before  the  required  time.  The  target  star  was  then  used  to  compute  the 
yaw  attitude  of  the  spacecraft  The  computed  yaw  appeared  to  give  better  results  than  the  predicted 
yaw,  so  the  computed  yaw  value  was  selected  for  subsequent  use. 


LACE/UVPI:  Strypi 
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After  yaw  determination  and  verification  were  completed,  gamma  Velorum  was  acquired. 
Calibration  data  were  then  collected  for  this  star  in  all  four  plume-camera  filte:'  positions. 

3.2.2  Antares  Plume  Observation 

At  14:18:35.0  GMT,  Strypi  was  launched,  and  the  launch  time  was  announced  and 
confirmed. 

At  14:20:10,  the  revised  Antares  ignition  time  (155.1  s)  and  Strypi  trajectory  type  (nominal) 
were  announced,  verified,  and  incorporated  into  the  real-time  software.  The  trajectory  was  actually 
dispersed  slightly  left  of  nominal,  but  a  nominal  trajectory  was  called  in  accordance  with  guidelines 
set  before  the  mission. 

About  23  s  prior  to  Antares  ignition,  the  new  Antares  pointing  function  was  successfully 
transmitted.  UVPI  started  scanning  along  the  nominal  trajectory  with  a  0.65°  radius  circle  at 
14:20:57.  The  acquire  command  was  sent  about  10  s  prior  to  Antares  ignition,  which  occurred  at 
about  14:21:11. 

About  1  s  after  Antares  ignition,  part  of  the  rocket  plume  was  seen  on  the  top  edge  of  the 
tracker  camera  screen  on  the  left  side.  The  plume  central  region  was  just  out  of  view.  The  tracker 
immediately  centered  and  locked  onto  the  Antares  plume  at  14:21:14,  about  2  s  after  the  initial 
sighting  of  the  plume.  Immediately  after  acquisition,  the  command  was  sent  to  initiate  the  sequence  to 
select  zoom  image  transmission  rate,  change  the  plume-to-tracker  image  ratio  to  8:2,  and  change  to 
filter  PC-3.  Filter  PC-3  was  in  place  at  14:21:19,  about  2  s  later  than  planned.  During  the  change  of 
the  filter  wheel  from  PC-4  to  PC-3,  the  tracker  momentarily  lost  lock  for  about  2  s  but  then 
reacquired  and  kept  steady  lock  for  the  remainder  of  the  bum.  Filter  PC-2  was  commanded  and  in 
place  at  14:21:31,  about  2  s  later  than  plarmed,  and  the  switch  to  filter  PC-1  oc  curred  at  14:21:40. 
about  6  s  late.  The  tracker  camera  gain  was  7  during  most  of  the  Antares  bum  but  changed  to  a  value 
of  6  about  5  s  prior  to  burnout 

After  Antares  burnout  which  cKCumed  at  14:21:46,  zoom  image  transmission  rate  was  turned 
off  by  a  delayed  execution  command.  At  that  time,  a  large,  persistent  plume  trail  was  seen  by  the 
tracker  camera.  The  tracker  acquired  this  trail  and  Iked  back  along  the  trail  to  near  the  Antares 
ignition  point  It  held  lock  there  at  a  tracker  camera  gain  of  10  for  about  30  s  until  it  was 
commanded  by  the  ground  station,  at  14:22:18,  to  point  back  to  Strypi  in  readiness  for  the  Star  27 
bum. 

3.2.3  Star  27  Plume  Observation 

At  14:22:29  GMT,  5  s  prior  to  Star  27  ignition,  the  acquire  command  was  sent  Star  27 
ignition  occurred  at  14:22:34,  and  the  rocket  plume  appeared  a  second  later  close  above  the  radar 
cursor  on  the  tracker-camera  screen.  Within  a  second,  the  tracker  locked  onto  tlie  Star  27  plume. 
UVPI  was  commanded  to  zoom  image  transmission  rate,  and  the  plume-to-tracker  image  ratio  was 
changed  to  8:2.  The  planned  filter  sequence  was  commanded.  Filter  PC-2  took  effect  at  14:22:53, 
about  2  s  late,  and  filter  PC-3  was  in  place  at  14:23:01,  about  2  s  early.  The  tracker  camera  gain  was 
limited  to  a  maximum  of  10  through  most  of  the  Star  27  bum  until  the  maximum  was  raised  to  11 
near  the  end. 

The  burnout  of  Star  27  occurred  at  14:23:12,  about  3  s  earlier  than  expected.  There  is  a  3-s 
trailoft'  included  in  the  bum  time,  so  the  burnout  actually  started  at  the  time  observed. 

3.2.4  Bow  Shock  Observation 

Just  preceding  Star  27  burnout,  a  dim  trail  was  seen  by  the  tracker  camera  for  a  few  frames. 
An  image  of  this  dim  trail  can  be  seen  at  the  end  of  Section  8.  The  commands  to  point  with  the  bow 
shock  pointing  function,  turn  zoom  image  transmission  rate  off,  switch  to  a  plume-to-tracker  image 
ratio  of  2:8,  switch  to  filter  PC-4,  and  activate  the  joystick  were  given  at  this  time. 
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When  zoom  image  transmission  rate  was  turned  off,  nothing  identifiable  was  seen  by  the 
tracker  camera;  the  radar  cursor  indicated  that  Strypi  was  out  of  the  field  of  view  off  the  top  edge  of 
the  screen.  At  14:23:40,  about  8  s  before  the  command  to  activate  the  joystick  was  sent,  a  ground 
station  computer  failed  and  had  to  be  restarted.  Although  the  ground  station  was  still  able  to  receive 
camera  images  and  send  commands  by  using  the  control  keyboard,  the  UVPI  data  screen  was  not 
being  updated;  also,  joystick  commands  could  not  be  sent.  By  the  time  the  computer  was  restarted, 
the  tow  shock  pe.iod  was  over. 

One  reason  that  UVPI  was  unable  to  observe  the  tow  shock  is  that  Strypi  had  deviated  several 
kilometers  from  its  nominal  trajeaory.  By  the  end  of  the  Star  27  bum,  its  altitude  was  too  high  for 
the  tow  shock  emission  to  start.  By  the  time  the  tow  shock  emission  started,  at  100-km  altitude,  UVPI 
had  automatically  reverted  to  pointing  to  the  nominal  trajectory,  which  put  Strypi  out  of  the  tracker 
camera’s  field  of  view. 

The  command  to  turn  off  UVPI  was  sent  on  time  at  14:26:13  GMT. 

3.3  Encounter  Geometry 

The  range  and  aspect  angles  between  UVPI  and  Strypi  (Fig.  16)  were  calculated  by  using  the 
position  and  attitude  of  Strypi  as  determined  from  the  processed  Strypi  telemetry  data.  The  aspect 
angle  is  defined  as  the  angiC  between  the  line-of-sight  (LOS)  vector  from  UVPI  to  the  target  point 
and  the  longitudinal  axis  of  the  rocket.  Zero  degree  aspect  angle  means  UVPI  is  looking  at  the 
rocket's  nose,  and  180"  means  looking  up  the  nozzle.  The  oscillations  in  aspect  angle,  starting  just 
prior  to  the  Star  27  ignition,  are  due  to  the  coning  of  Strypi. 


Antares  Star  27  Bow  Shock 
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Rg.  16  -  SctypiAlVPI  encounter  geometry 


The  range  for  the  Antares  bum  was  from  about  512  km  at  ignition  to  about  450  km  at 
burnout.  The  range  for  the  Star  27  bum  was  from  about  475  km  at  ignition  to  about  540  km  at 
burnout.  The  minimum  range,  446  km,  occurred  during  the  coast  period  shortly  after  Antares 
burnout.  This  was  the  result  of  a  compromise  in  the  encounter  design  to  obtain  the  best  possible 
geometry  for  both  rocket  bums  but  with  more  emphasis  on  the  Antares  bum. 

Figure  17  shows  the  percent  vignetting  of  the  UVPI  image  and  the  orientation  angle  of  the 
rocket  body  in  the  tracker  camera's  field  of  view.  At  Antares  ignition,  there  was  only  2%  vignetting 
that  decrea^  to  0%  by  the  time  UVP!  had  locked  onto  it.  It  remained  at  0%  for  the  remainder  of  the 
bum.  The  vignetting  stayed  at  0%  for  the  first  12  s  of  the  Star  27  bum  then  increased  to  a  maximum 
of  about  5.2%  by  burnout. 
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Fig.  17  •  Strypi/ITVPI  image  factort 
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The  orientation  angle  shown  in  Fig.  17  is  used  to  assist  with  the  radiometric  analysis  of  the 
plume,  lliis  angle  is  defined  as  the  angle  between  the  tracker  camera's  horizontal  axis  and  the 
projection  of  the  rocket  body  onto  the  focal  plane  of  the  tracker  camera,  with  counter-clockwise 
positive. 

3.4  Pointing  and  Tracking  Overview 
3.4.1  Mode  Sequence 

The  tracker  was  commanded  to  the  Mass  and  Intensity  Centroid  track  mode  throughout  the 
Strypi  XI  observation.  Figure  18  shows  the  timing  of  the  various  mission  modes  during  the 
observations.  The  Antares  rocket  burned  for  45  s.  The  acquisition  sequence  moved  the  gimbals  in  the 
POINT  mode  until  the  tai:get  was  in  the  field  of  view  and  then  transitioned  to  the  ACQUIRE  mode. 
When  the  tracker  locked  onto  the  target,  the  mission  mode  transitioned  to  the  TRACK  mode.  The 
initial  acquisition  of  the  Antares  rocket  lost  track  because  the  rocket  plume  was  at  the  edge  of  the 
tracker  camera's  field  of  view.  This  resulted  in  the  tracker  jumping  between  the  TRACK  and  the 
ACQUIRE  modes.  During  the  Antares  bum,  the  tracker  momentarily  lost  track  because  of  changes  in 
the  size  and  intensity  of  the  rocket  plume.  After  the  Antares  rocket  burned  out,  the  tracker  locked 
onto  the  trailing  cloud  left  behind  the  Antares  rocket  At  the  start  of  the  Star  27  bum,  the  acquisition 
sequence  was  repeated  by  sequencing  through  the  POINT,  ACQUIRE,  and  TRACK  mission  modes. 
The  Star  27  rocket  burned  for  41s. 
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Fig.  18  -  Miuion  mode  vs  time  after  launch 
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3.4.2  Gimbal  Angles 

Figures  19  and  20  show  tlie  azimuth  and  elevation  gimbal  angles,  respectively,  as  a  function 
of  time.  The  LACE  satellite's  ground  track  was  descending  in  a  southeast  direction  and  paralleled  the 
Antares  and  Star  27  rocket  bums.  The  Strypi  XI  trajectory  was  to  the  left  of  the  spacecraft,  thereby 
resulting  in  a  slightly  positive  elevation  gimbal  angle.  Initially,  the  Antares  was  in  front  of  the 
spacecraft,  as  shown  by  a  negative  azimuth  gimbal  angle.  By  the  end  of  the  Star  27  bum,  the 
spacecraft  was  in  front  of  the  Star  27  rocket,  thereby  resulting  in  a  positive  azimuth  gimbal  angle. 
The  elevation  gimbal  angle  remained  between  13°  and  15°  throughout  the  encounter,  while  the 
azimuth  gimbal  angle  moved  from  -20°  to  +20°.  The  azimuth  and  elevation  gimbal  rates  are 
calculated  to  be  2.6°/s  and  0.1  °/s,  respectively,  which  arc  well  within  specifications.  The  dashed  lines  in 
these  plots  represent  the  SC-1  computer-commanded  gimbal  angles.  At  the  beginning  of  the 
encounter,  the  SC-1  commanded  the  ^mbal  angles  while  the  mission  mode  was  set  to  the  POINT 
mode  or  the  ACQUIRE  mode.  This  continued  until  the  tracker  locked  onto  the  target  image.  At  that 
time,  the  mission  mode  was  set  to  TRACK.  Note  that  the  SC- 1 -commanded  gimbal  angles  remain 
fixed  to  the  last  commanded  value.  There  was  a  noticeable  transient  as  tbe  tracker  brought  the 
tracking  errors  to  zero.  This  transient  response  is  discussed  in  Appendix  D,  Section  D.1.0  where  it  is 
shown  to  be  consistent  with  earlier  laboratory  tests  and  other  encounters.  When  the  tracker  loses  the 
target,  the  SC-1  extrapolates  the  previous  gimbal  angles  according  to  their  previous  gimbal  rates.  The 
gimbal  motion  then  exhibits  a  transient  that  is  a  result  of  the  extrapolation  function  implementation. 
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Fig.  19  •  Azimuth  gimbal  angles  vs  time  after  launch 
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Fig.  20  •  Elevation  gimbal  angles  vs  time  after  launch 


3.5  Tracker  Performance  Summary 

Table  6  shows  the  seven  data  intervals  for  which  the  performance  of  the  tracker  was  analyzed. 
These  intervals  do  not  include  initial  acquisition  of  the  Antares  or  Star  27,  Antares  momentary  loss  of 
track,  or  the  Antares  cloud.  Rather,  these  intervals  are  representative  of  the  nominal  tracking  while 
collecting  plume  signatures  in  the  plume  camera. 


Table  6  -  Antares  and  Star  27  Tracking  Analysis  Intervals 


Dau 

Telemetry 

TALO 

Rocket  Stage 

Interval 

Frames 

(») 

1 

10,536  -  10,549 

161.3  -  161.8 

Antares 

2 

10,656  -  10.913 

165.3  -  173.9 

Antares 

3 

10,963  -  11,190 

175.6  -  183.2 

Antares 

4 

11.286  -  11,413 

186.4  -  190.6 

Antares 

5 

13,142  -  13,239 

248.3  -  251.5 

Star  27 

6 

13,489  -  13,599 

259.8  -  263.5 

Star  27 

7 

13,677  -  13,928 

266.1  -  274.5 

Star  27 
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3.5. 1  Tracking  Jitter  During  Antares  Burn 

Data  intervals  1  through  4  from  Table  6  were  chosen  for  analysis  of  tracker  performance 
during  the  Antares  bum.  Appendix  D.2.1  provides  a  detailed  analysis  of  the  tracking  errors  during 
these  intervals.  Table  7  summarizes  the  sutistics  associated  with  ir  king  errors  for  each  of  these 
intervals.  The  standard  deviation  is  the  RMS  value  about  the  mean,  nence,  the  x  RMS  tracking  error 
varies  between  7  and  10  microradians  (prad)  while  the  y  RMS  tracking  error  varies  between  6  and  13 
p.rad.  TTiese  jitter  values  ans  within  the  tracker  specification  of  15  |irad  RMS. 


Table  7  -  Tracking  Error  Statistics  During  Antares  Bum 


Interval 

Telemetry 

Paiameter 

Tracking  Error  X 

Tracking  Error  Y 

Frames 

Otrad) 

(iirad) 

Minium 

-20.6 

-58.1 

10,536 

Maximum 

5.6 

-35.8 

1 

to 

Mean 

-3.4 

-47.6 

10,549 

Std  deviation* 

7.2 

6.0 

Points 

14 

14 

Minimum 

-43.1 

-80.5 

10,656 

Maximum 

18.8 

-35.8 

2 

to 

Mean 

-0.4 

-55.2 

10.913 

Std  deviation* 

9.1 

9.7 

Points 

257 

257 

Minimum 

-24.4 

-71.5 

10963 

Maximum 

31.9 

-35.8 

3 

to 

Mean 

3.3 

-48.2 

11,190 

Std  deviation* 

10.3 

7.2 

Points 

228 

228 

Minimum 

-28.1 

-143 

11,286 

Maximum 

30 

-40.2 

4 

to 

Mean 

-2.0 

-62.1 

11,413 

Sid  deviation* 

7.1 

12.9 

Points 

130 

130 

•RMS  JiUCT 


3.5.2  Tracking  Jitter  During  Star  27  Burn 

1  Intervals  5,  6,  and  7  were  chosen  for  analysis  of  tracker  performance  during  the  Star  27  bum. 
Appendix  D.2.2  provides  a  detailed  analysis  of  the  tracking  errors  during  these  intervals.  Table  8 
summarizes  the  statistics  associated  with  tracking  errors  for  each  of  these  intervals.  Note  that  the  x 
RMS  tracking  error  varies  between  16  and  187  prad  and  the  y  RMS  tracking  error  varies  between  18 
and  167  prad.  These  jitter  values  are  larger  than  the  tracker  specification  of  15  prad  RMS.  Hence,  the 
tracker  did  not  track  the  Star  27  rocket  within  the  design  specifications,  and  the  operation  resulted  in 
larger-than-expected  jitter  in  the  plume  camera.  The  poor  tracking  results  arc  primarily  attributed  to 
the  wealt  signal  from  the  Star  27.  See  Appendix  D  for  details. 

3.5.3  Comparison  with  Previous  Encounters 

A  comparison  with  tracking  errors  for  previous  encounters,  Nihka  and  Starbird,  is  given  in 
Table  9.  I 


24 


H.W.  Smothers  et  at. 


Table  8  -  Tracking  Error  Statistics  During  St?jr  27  Bum 


Interval 

Telemetry 

Frames 

Parameter 

Tracking  Error  X 
(^trad) 

Tracking  Error  Y 
(piad) 

Minimum 

-556.9 

-370.94 

13,142 

Maximum 

103.1 

169.9 

5 

to 

Mean 

-19.9 

-50.8 

13,239 

Std  deviation* 

83.4 

61.0 

Points 

105 

105 

■■■■ 

Minimum 

-43.1 

-93.8 

MaAimum 

37.5 

-4.4 

6 

M'';an 

-2.9 

-45.5 

Std  deviation* 

15.9 

17.9 

■iilH 

Points 

112 

112 

Minimum 

-1455 

-670.4 

13,677 

Maximum 

1241.3 

1707.1 

7 

to 

Mean 

-1.0 

-54.3 

13,928 

Std  deviation* 

187.3 

166.6 

Points 

252 

252 

•RMS  Jilter 


Table  9  -  Tracking  Error  Comparison 


Mean  Tracking  Error 

RMS 

Jitter 

Rocket  Encounter 

X 

T 

X 

Y 

(ttrad) 

Oirad) 

(lirad) 

Otrad) 

Antares 

-3  to  3 

■47  to  -62 

7  to  10 

6  to  13 

Star  27 

-1  to  -19 

-45  to  -54 

16  to  187 

18  to  167 

Nilika 

2 

-67 

13 

10 

Starbird  Third  Stage 

-15 

67 

13 

■■■■■ 

Starbird  Fourth  Stage 

-15 

67 

13 

This  table  shows  that  the  tracking  jitter  has  remained  consistent  and  within  specifications  for 
the  Nihka,  Starbird,  and  Antares  observations.  These  exhibited  approximately  100%  peak  video 
value.  The  one  exception  is  the  tracking  of  the  Star  27  rocket.  It  did  not  track  within  jitter 
specifications,  less  than  15  prad  RMS.  because  the  tracker  camera  gain  level  was  held  to  a  low  limit. 
Tliis  resulted  in  a  low  percentage  of  peak  video  value  in  the  presence  of  a  weak  plume  signature  and 
yielded  poor  tracking  stability. 

4.0  PLUME  IMAGES 

In  this  section  the  observed  plume  image  data  are  presented.  The  data  intervals  used  in  this 
report  are  defined  in  4.1,  and  a  discussion  of  the  calibration  procedure  is  presented  in  4.2.  Examples 
of  single  plume  camera  images  are  given  in  4.3,  and  the  averages  of  images  over  the  defined  data 
intervads  for  the  plume  and  tracker  cameras  are  presented  in  4.4  and  4.5,  respectively.  Subsection  4.6 
discusses  the  error  in  the  radiometric  observations.  The  concluding  subsection,  4.7,  discusses  the 
noise-equivalent  radiance  for  the  UVPI. 

4.1  Definition  of  Data  Intervals 

4.1.1  Camera  Parameters 

Table  10  summarizes  the  Antares  and  Star  27  data  intervals  used  in  this  report,  along  with  the 
number  of  plume-camera  images  and  tracker-camera  images  analyzed  in  each  interval.  Table  11 
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reports  important  calibration  parameters  associated  with  the  intervals.  The  UVPI-Strypi  range  is  used 
to  determine  source  radiant  intensity,  as  discussed  in  4.2.  The  image  angle  variation  associated  with  a 
sequence  of  frames  is  a  measure  of  the  variation  in  plume  image  axis  orientation  with  respect  to  TV 
lines  in  the  image  display.  This  parameter  is  relevant  to  the  spatial  analysis  presented  in  Section  5.0. 
The  data  interv^s  listed  in  Table  10  are  identical  to  those  used  in  the  UVPI  tracking  analysis  and 
listed  in  Table  6. 


Table  10  -  Definitions  of  Data  Intervals 


"Ku 

Inlervil 

Suypi 

Suge 

- nirr - 

1 — TALfl"'" 

Lji_ 

Hume 

CAfnera 

Filler 

i'clemeiry 

Frunc 

Ranee 

No.  of 
Plume 
Im>i;ei 

No.  of 

Trseker 

lm«se$ 

1 

Anures 

14:21:16.33  - 

14:21:16.76 

.61.3  - 

151.8 

PC-4 

10536- 

10549 

12 

2 

2 

Anures 

14:21:20.33  - 
14:21:28.91 

165.3  - 

17.3.9 

PC-3 

10656- 

10913 

207 

50 

3 

An  tires 

14:21:30.58  - 
14:21:38.14 

175.U  - 
183.2 

PC-2 

10963- 

11190 

157 

40 

4 

Anures 

14:21:41.34  - 
14:21:45.59 

186.4  . 
190.6 

PC-1 

11286- 

11413 

104 

26 

S 

Stir  27 

14:22:43.27  - 
14:22:46.51 

248.3  - 

251.5 

PC-1 

13142- 

13239 

44 

31 

6 

Sur  27 

14:22:54.84  - 
14:22:58.52 

259.8  - 
263.5 

PC-2 

13489- 

13599 

89 

23 

7 

Sur  27 

14:23:01.12  - 
14:23:09.49 

266.1  - 
274.5 

PC-3 

13677- 

13928 

171 

41 

Table  1 1  -  Parameters  Associated  with  Data  Intervals 


Dtu 

Interval 

Strypi 

Suge 

Plume 

Camera 

Filter 

Bandpiii 

(nm) 

Plume -to- 
Tratker 
Ratio 

UVPI-Suypi 
Range  Oun) 

Image 

Angle  Variation 
(deg) 

1 

AnUtrus 

PC -4 

235-350 

2:8 

496 

0 

2 

Anures 

PC-3 

195-295 

8:2 

477 

3.4 

3 

Anures 

PC-2 

3C0-320 

3:2 

462 

2.9 

4 

Antares 

PC-1 

220-320 

8:2 

452 

0.6 

5 

Sur  27 

PC-1 

220-320 

2:8  &  8:2 

495 

12.6 

6 

Sur  27 

PC-2 

300-320 

8:2 

515 

8.6 

7 

Sur  27 

PC-3 

195-295 

8:2 

529 

6.4 

Appendix  E  provides  basic  camera  parameters  pertinent  to  tlie  radiometric  calibration  of  the 
data  for  all  frames  during  which  the  Antares  and  Star  27  stages  were  observed.  Parameters  provided 
include  time,  telemetry  frame  number,  gain  level  for  both  camcr-ss,  and  exposure  time  for  both 
cameras.  Qianges  in  gain  levels  are  indicated  along  with  other  comments.  The  plume  camera  has  a 
constant  Vsoth  of  a  second  exposure  time  for  each  frame.  The  tracker  camera  has  an  electronic  gate 
that  can  vary  the  exposure  time  to  a  maximum  of  Vwth  of  a  second.  Figure  21  shows  the  camera  gain 
levels  for  both  tracker  and  plume  cameras.  Figure  22  shows  exposure  time  for  both  cameras  as  a 
function  of  telemetry  frame  number.  In  these  figures,  the  data  intervals  are  depicted  as  horizontal, 
bold,  solid  lines. 

The  Antares  plume  was  first  observed  in  the  plumr  camera  around  frame  10457.  Because  of 
gain  changes  and  ensuing  transients  in  the  plume  camera,  dam  analysis  was  limited  to  intervals  1 
through  4  of  Table  10.  Approximately  0.5  s  of  filter  4  data,  8.6  s  of  filter  3  data,  6.5  s  of  filter  2  data. 
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and  4.3  s  of  filter  1  data  were  collected  during 
to  these  same  intervals. 


TdesMtry  FraoM  Number 

Fig.  21  -  Tracker  and  plume  camera  gain 


time.  Analysis  of  tracker  camera  data  is  restricted 


Telemety  fnne  Nunber 


Fig.  22  •  Tracker  and  plume  camera  exposure  times 


The  Star  27  plume  was  first  observed  in  the  plume  camera  around  frame  12987.  Because  of 
gain  changes  and  ensuing  transients  in  the  plume  camera,  analysis  of  both  tracker  and  plume  camera 
data  was  limited  to  intervals  5  through  7  of  Table  10.  Approximately  7.1  s  of  filter  3  data.  3.7  s  of 
filter  2  data,  and  2.4  s  of  filter  1  data  were  collected  during  this  time. 

In  addition  to  the  Antares  and  Star  27  plumes,  a  large  cloud  trail  was  observed.  The  cloud  was 
initially  observed  in  the  tracker  camera  in  frames  10438  through  10564,  approximate  GMT  interval 
14:21:13.0  through  14:21:17.3.  This  initial  cloud  was  associated  with  Antares  stage  ignition.  The 
cloud  was  again  observed  in  the  tracker  camera  in  frames  11490  through  12344  (approximate  time 
range  14:21:48.1  through  14:22:16.6)  after  the  Antares  stage  had  burned  out.  The  cloud  is  described 
in  detail  in  Section  8. 

4.2  UVPI  Data  Analysis  Methodology 


The  data  analysis  procedure  for  the  UVPI  cameras  can  be  divided  into  two  stages:  the  data 
values  reported  by  the  CCD  array  electronics  are  converted  to  photoevent  counts,  and  the  photoevent 
coimte  must  be  translated  into  radiometric  quantities.  In  addition,  the  point  spread  function  of  the 
individual  cameras  must  be  considered  when  interpreting  the  data.  The  following  sections  deal  with 
each  of  these  in  turn. 


4.2.1  Photcevent  Calculation 


The  raw  image  data  transmitted  from  the  satellite  is  in  the  form  of  arrays  of  8-bit  binary 
numbers  Qk  representing  the  intensity  of  light  falling  on  the  Jkth  pixel  of  the  CCD.  These  Qk  are 
converted  into  the  number  of  photoevents  Pk  occurring  at  the  corresponding  photocathode  location 
during  the  image  frame: 


(1) 


where 

Gg  is  gain  conversion  factor  for  gain  step  g,  i.c.,  the  value  of  Qk  for  a  single 
photoevent,  assumed  to  be  the  same  for  all  pixels  k; 

Df^  is  the  dark  value  for  the  ifcth  pixel;  and 
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is  the  gain  nonuniformity  correction  factor  for  the  lah  pixel. 

The  pulse  height  distribution  of  the  image  intensifier  v.'ill  cause  noninteger  values  for  Pk.  The 
conversion  of  CCD  response  peaks  to  integral  photoevent  counts  is  possible  only  on  the  weakest 
images,  because  of  the  overlap  of  photoevent  images.  Hence,  Fk  values  are  treated  as  continuous 
variables.  The  Gg,  Dk,  and  Uk  factors  are  summarized  in  Appendix  B.  An  additional  processing  step, 
in  which  a  statistical  decision  threshold  is  determined  for  each  calibrated  image,  is  discussed  in  the 
addendum  at  the  end  of  this  report. 

4.2.2  Extraction  of  Radiometric  Quantities 

Three  levels  of  data  reduction  are  useful  for  any  radiometric  experiment.  In  the  first  level, 
data  merely  arc  reduced  to  instrument  readings  or  counts;  in  the  second  level,  instrument  readings  are 
converted  by  instrument-specific  conversion  factors  into  approximate  measures  of  physical  quantities 
with  no  assumed  spectral  model  of  the  phenomenon  being  measured:  and  in  the  third  level  of 
reduction,  a  special  model  of  the  phenomenon  is  used  to  reduce  data  and  present  it.  In  reducing  the 
data  for  the  Strypi,  one  must  begin  by  understanding  the  meaning  of  the  instrument  readings.  The 
UVPI  gives  readings  in  the  form  of  photoevents. 

4,2.2. 1  Relation  of  Photoevents  to  Spectral  Radiance 

The  general  expression  [16]  for  the  number  of  photoevents  P*,  at  pixel  k  due  to  an  extended 
source  of  spectral  radiance  L(X),  with  units  of,  e.g.,  W/cm2.pin-sr,  is  given  by; 

P,  =  {A,Qz/hc)j  XQ{X)L{X)dX ,  (2) 


where 

Ac 

a 

X 

h 

c 

QiX) 


is  system  aperture  area, 
is  pixel  field  of  view, 
is  exposure  time, 
is  Planck’s  constant, 
is  speed  of  light,  and 

is  wavelength-dependent  photoelectronic  conversion  efficiency,  or  net 
quantum  efficiency,  of  the  optics  and  detector. 


The  factor  X/hc  in  Eq.  (2)  is  required  to  convert  Q(X)  to  the  optical  efficiency  ordinarily 
incorporated  in  the  optical  transfer  equation,  or  equivalently,  to  convert  the  spectral  radiance  L(X)  to  a 
photon  radiance  [photons/s-cm^-pun-sr].  The  system  aperture  area  is  78  cm^.  The  exposure  time  x  i.': 
l/30th  second  for  the  plume  camera  and  variable  to  a  maximum  of  l/30th  second  for  the  tracker 
camera.  The  pixel  field  of  view  SI  is  12.5  x  9.8  pirad  =  1.22  x  10'*®  sr  for  the  plume  camera  and  182 

X  143  pirad  =  2.6  x  10  *  sr  for  the  tracker  camera.  At  the  typical  range  of  500  km,  these  pixel  fields 
of  view  correspond  to  6.2  by  4.9  m  and  91  by  72  m,  respectively. 

Some  information  about  the  spectral  distribution  function  must  be  known  to  extract  accurate 
values  for  the  source  radiometric  parameters.  Given  a  model  spectral  distribution  function  R(X)  of 
some  arbitrary  amplitude,  the  phetoevent  count  Pk'  that  would  be  observed  from  a  source  with  this 
distribution  is 


P;  =  {A,Clx/hc)\XQiX  )R{X  )dX . 


(3) 
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If  we  assume  that  L(\)  and  R(X)  are  related  by  a  multiplicative  constant  a  over  one  of  the 
filter  bands,  then  the  esiimat^  spectral  radiance  within  that  band  can  be  written  as 

L{X)  =  aR{X)  (4) 


or,  more  specifically, 

=  (5) 


The  second  level  of  data  reduction  assumes  little  or  no  knowledge  about  the  source  spectrum, 
whereas  in  the  third  level  an  approximate  model  for  the  spectrum  is  assumed  to  exist. 

4.2.22  Peak  Normalized  Radiance 

The  second  level  of  data  reduction  is  to  use  the  instrument  and  filter  acceptance  band-specific 
conversion  factors  to  obtain  measures  of  physical  quantities.  This  process  is  begun  by  defining  the 
integral  of  spectral  radiance  o’/er  the  detector  passband  in  terms  of  Pi, 

lXQa)La)dX  =  P,hc/(A,Clr)  (6) 

To  define  a  measure  of  in-band  radiance,  the  wavelength  of  peak  net  quantum  efficiency  is 
defined  as  Xmt  and  the  integral  is  normalized  over  the  detector  passband  to  define  a  peak  normalized 
radiance,  in  accord  with  standard  practice: 

= ! XQa)L(X)dX  /  XM(K)  (7) 

or,  in  terms  of  the  data  in  Pi 


(8) 


where  the  quantity  he!  A^^  =  2.\\*\Qr*  J - nm t ni^  - sr . 

The  values  of  Xm  and  2(^m)  fo*"  of  filters  are  given  in  Table  12. 


Table  12  -  Camera  Filter,  Wavelength  of  Peak  Quantum  Efficiency, 
and  Peak  Quantum  Efficiency 


Filter 

— 

(nm) 

Q(Xm) 

n) 

{nm) 

P*ume  PC-1 

270 

.00606 

1.64 

Plume  PC-2 

305 

.00182 

.555 

Plume  PC-3 

250 

.00284 

.710 

Plume  PC-4 

280 

.0131 

3.67 

Tracker 

355 

.0200 

7.10 

For  the  brightest  pixel  the  peak  normalized  radiance  measured  for  each  filter  is  given  in 
Table  13.  These  values  are  for  the  Antares  motor. 


mBBi 


ggsgim^ 


e 

e 

B 

B 

B 


6 

B 

B 

B 
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Table  13  -  Photoevenu;  Per  Second  and  Peak  Normalized  Radiance 
for  the  Brightest  Pixel  In  the  Plume  Camera  Filter  Bands 


Filter 

F/c 

^pn 

(photoevents/s) 

pW/si-cm^ 

Plume  PC-1 

26.3 

.:i7 

Plume  PC-2 

10.6 

..’77 

Plume  PC-3 

6.79 

188 

Plume  PC-4 

158 

The  peak  normalized  spectral  radiance  is  merely  an  approximate  measure  of  the  total 
radiance  in  the  passband  of  the  filter.  It  would  only  give  the  true  radiance  if  the  plume  spectrum  were 
a  narrow  line  spectrum  peaking  at  Xm  for  each  filter.  Thus,  the  peak  normalized  epectrum  is 
mathematically  equivalent  to  the  choice  of  a  model  spectral  distribution  function  R(X)  that  is  a 
monochromatic  source  that  peaks  at  Xm. 


R(X)  =  R,S(X-XJ. 


(9) 


This  is,  of  course,  not  a  good  approximation  to  the  spectra  of  the  Stiypi  plumes  seen  by 
UVPI.  These  spectra  are  actually  broad  continuum  spectra  roughly  resemh’ing  blackbody  spectra.  To 
find  any  better  estimates  of  spectral  radiance  in-band  and  total  radiance  in-band,  there  must  be  a 
reliable  model  for  the  shape  of  the  spearum  of  the  plume. 

4.2.2.3  Formulation  and  Comparison  of  a  Model  Plume  Spectrum 

The  third  level  of  data  reduction  requires  a  reliable  model  of  the  phenomenon  being 
measured  to  use  as  a  reference.  In  the  case  of  Strypi  radiometric  data,  a  model  spectral  shape  is 
needed.  Such  a  spectral  shape  can  be  found  by  considering  the  physics  of  UV  emission  from  solid- 
fuel  rocket  plumes. 

Both  the  rocket  motors  for  the  Antarcs  and  the  Star  27  contain  powdered  aluminum  in  their 
propellant.  This  aluminum  oxidizes  and  emerges  as  an  incandescent  mist  in  the  rocket  exhaust.  It  is 
this  mist  of  oxidized  aluminum  particles  T‘iat  emits  much  of  the  UV  radiation  seen  by  UVPI  in  r’'* 
plume  central  region.  The  mist  is  optically  thin,  that  is,  when  one  sees  the  plume  one  is  not  seeing  .. 
solid  object  tat  mostly  empty  space.  The  plumes  are  thus  nearly  transparent.  The  spectrum  produced 
by  the  plume  central  region  in  the  UV  is  typically  that  of  a  nearly  transparent  cloud  of  micron-sized 
AI2O3  particles  at  the  melting  point,  2320  K.  This  resembles  a  scaled  blackbody  curve  for 
wavelengths  below  300  nm  but  is  much  depressed  below  a  blackbody  at  longer  wavelengths.  Because 
the  heat  of  fusion  for  alumina  is  very  high,  the  particles  should  remain  at  roughly  this  temperature 
throughout  the  plume  as  it  expands  and  dims.  That  is,  most  of  the  light  in  the  plume  will  be  from 
isothermal  alumina  at  2320  K.  This  means  that  most  of  the  bright  plume  particles  will  have  the  same 
spectrum  throughout  the  detector  field  of  view. 

The  spectrum  that  is  used  to  model  the  brightest  parts  of  the  plume  [17]  is  that  of  a 
blackbody  times  an  emissivity  function  e^iiX)  (Fig.  10).  This  emissivity  curve  is  basicrJly 
characteristic  of  hot  alumina  particles  found  in  rocket  exhaust  plumes.  The  spectral  shape  compared 
to  a  blackbody  spectral  shape  is  shown  in  Fig.  23.  (The  bandpasses  of  tlie  tracker  camera  and  the 
four  plume-camera  filters  are  also  indicated  in  Fig.  23). 
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Fig.  23  -  Spectral  tlupe  function  baaed  on  reference  spectrum  model 

The  normalized  spectral  shape  is  fairly  generic  to  all  solid-fueled  boosters  with  aluminum- 
loaded  fuel  are  termed  the  reference  spectrum  R(k).  Mathematically, 

=  (1C> 

where  Lbb  is  the  2320  K  blackbody  spectrum. 

The  simplest  comparison  of  R(k)  to  the  actual  plume  spectrum  data  is  to  calculate  Pt  by 
using  Eq.  (3): 

F^'-(A,ax/hc)fXQ(X)RiX)dX,  (11) 

then,  dividing  Eq.  (2)  by  Eq.  (11)  and  using  Eq.  (4)  to  get; 

P,  lXQ{X)LiX)dX  alXQa)Ra)dX 

P^’~  iXQ(X)R{X)dX  lXQ{X)R(X)dX  .  ' 

Therefore,  a  can  be  calculated  for  each  passband  and  for  each  pixel  by  calculating  P/^'  and 
comparing  it  to  the  measured  value  of  /**.  The  values  of  Pt/x  and  P^lx  obtained  as  average  for  the 
brightest  pixel  over  several  images  for  the  Antares  plume  in  the  various  filter  bands  are  given  in  Table 
14.  TTm  ratiOo  of  to  /•*'  are  ail  within  a  factor  of  4.  The  reference  spectrum  varies  over  more  than 
3  orders  of  magnitude  in  the  region  of  the  filter  bands.  This  agreement  in  tlic  value  of  a  for  the  four 
filter  bandpasses  is  quite  good.  This  suggests  that  the  refercr.ce  spectrum  is  an  acceptable 
ai^roximation  to  the  actual  plume  spectrum. 

Since  the  reference  spectral  shape  should  be  generic  to  rockets  with  aluminum -loaded  fuel, 
the  Star  27  spectrum  should  also  have  this  approximate  shape  because  it  also  contains  aluminum. 
Hence,  the  reference  spectaun  can  be  used  for  radiometric  interpretation  of  plume  data  for  both 
rockets. 
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Table  14  -  Photocvcnts  Per  Second  from  Antares  Plume  and  Reference 
Spectrum  Model  For  Brightest  Pixel  and  Ratios  of  These  Values 


Filter 

1  Pk/Pk 

Plume  PC-1 

26.3 

1864 

.0141 

Plume  PC-2 

10.6 

1950 

.0054 

Plume  PC-3 

6.79 

365.7 

.0186 

Plume  PC-4 

1S8 

27930. 

.0057 

4.2.3  Specific  Radiometric  Values 

All  the  radiometric  values  to  be  presented  in  the  data  summary  can  be  obtained  from  the 
scaled  source  function  L(X)  equal  to  ot/?(X). 

4.2.3. 1  Spectral  Radiance 

The  procedure  above  yields  a  function  L(X)  that  describes  the  amplitude  of  the  spectral  shape 
corresponding  to  the  observed  number  of  photoevents.  Describing  this  function  with  a  single 
numerical  value  is  dif^ficult  because  of  the  extremely  rapid  variation  of  the  spectral  radiances  evident 
in  Fig.  23.  Despite  this  rapid  variation,  single  numerical  values  of  plume  spectral  radiance  and 
spect^  radiant  intensity  can  be  obtained.  These  values  were  obtained  by  taking  L(k)  at  a  specific 
characteristic  wavelength  Xc  for  each  filter  passband.  This  might  have  been  selected  to  be  the  center 
of  each  filter  passband,  but  this  choice  would  neglect  the  shift  in  the  effecrive  response  that  results 
from  the  spectrally  varying  source.  A  response  centroid  wavelength,  weighted  by  the  reference 
spectral  function,  was  defin^: 

X,  sjX^Ra)Qi^)dX/lXRiX)QiX)dX_  (13) 


This  describes  the  wavelength  of  average  contribution  to  the  UVPl  response  for  each  filter. 
These  centroid  wavelengths  were  computed  for  the  reference  spectral  shape  and  arc  shown  in  Table 
IS.  In  this  uble,  the  integrals  of  Eq.  (13)  have  been  evaluated  as  discrete  summaiions  over  the  range 
of  nonnegligible  Q(k). 

This  is  simply  a  means  of  selecting  a  nominal,  characteristic  wavelength  for  describing  the 
outcome  of  the  fitting  of  the  spectral  shape  to  the  instrument  measurement  as  single  numerical  values. 
Other  procedures  might  have  been  used  to  select  a  reference  wavelength  describing  the  spectral 
radiance  function.  One  might,  for  example,  have  taken  the  central  wavelength  for  each  filter  and  cited 
the  numerical  value  of  the  fit  function  at  those  wavelengths.  This  would  yield  different  values  for  the 
nominal  spectral  radiances  without  changing  the  function  L(K)  at  all.  In  short,  these  single  numerical 
values  for  the  rapidly  varying  spectral  radiometric  parameters  must  be  treated  with  caution. 


Table  15  -  Hume  Camera  Filter  Bandpass  Limits,  Full-Width-Half-Maximum, 
Central  Wavelength,  and  Reference  Spectrum-Weighted  Centroid  Wavelength 


Camera/ 

Filter 

Nominal 

Bandpau 

FWHM 

Bandpasi 

Central  \ 
(nm) 

Centroid  X 
Reference 
Spectrum 

Plume  PC-1 

220-320 

25 

270 

280 

Plume  PC-2 

300-320 

10 

305 

310 

Plume  PC-3 

195-295 

50 

250 

265 

Plume  PC-4 

235-350 

56 

280 

305 

IVacker 

255-450 

150 

355 

390 
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4.2.3.2  Ra'liance 

Once  the  spectral  radiance  is  kno^vn,  the  spectral  integrals  can  be  evaluated  to  obtain  values 
for  the  radiance: 

L.  -  f "  L(A)dA  =  L(A,)  R{X)dX  /  R{X,).  (14) 


The  units  of  are  (power)/(area)(solid  angle),  or  WAn^-sr.  The  evaluation  of  these  integrals  is 
limited  to  the  nominal  bandwidth  of  the  pertinent  filter.  Note  that  the  integrand  of  Eq.  (14)  does  not 
include  the  response  fimction  Q(k)  and,  therefore,  does  not  become  small  outside  the  filter  passbands. 
The  values  obtained  for  Lg  will  depend  very  strongly  on  the  limits  of  integration. 

42.3.3  Radiant  Intensity  and  Spectral  Radiant  Intensity 

Radiance  and  spectral  radiance  are  most  useful  for  comparing  the  observed  signals  with 
backgrounds  of  distributed  emission,  e.g.,  airglow,  scattered  sunlight,  or  scattered  moonlight.  For 
some  purposes,  such  as  model  prediction  comparison,  the  radiant  intensity  and  spectral  radiant 
intensity  are  useful.  In  the  case  of  the  tracker  camera,  only  the  latter  values  are  meaningful  since  this 
instrument  cannot  resolve  the  plume,  and  the  source  must  be  treated  as  a  point  source  rather  than  as  a 
distributed  source. 

This  conversion  can  be  achieved  from  the  preceding  expressions  by  multiplying  by  the 
projected  area  of  the  detector  where  R  is  the  range  to  the  source  and  £5  is  the  detector  field  of 
view.  This  is  equivalent  to  summing  the  apparent  radiance  and  spectral  radiance  over  the  projected 
pixel  area  and  attributing  it  to  a  point  source  within  the  field  of  view  of  the  pixel.  The  spectr^  radiant 
intensity  /(X)  and  the  radiant  intensity  /<,  can  be  obtained  directly  from  the  corresponding  expressions 
for  the  spertral  radiance  and  radiance,  ^s.  (5)  and  (14),  respectively: 

/(A)  =  fAW)/?2Q  =  i?*£JL(A),  (15) 

V  * 

mi 

(16) 

The  units  of  /(X)  are  (power)/(spectnl  bandwidth)(solid  angle),  or  W/nm-sr,  and  the  units  of  /« 
are  (power)/(solid  angle),  or  W/sr.  As  before,  the  radiant  intensity  in  this  sense  is  an  integral  across  a 
limited  portion  of  the  spectrum  defined  by  the  nominal  filter  edges.  The  value  so  obtained  is  far 
smaller  than  would  be  obtained  for  the  fiill-spectrum  radiant  intensity  and  will  also  be  very  sensitive 
to  the  range  of  integration  chosen  for  Eq.  (16). 

4.2.4  Point  Spread  Function  Effects 

The  full-width-half-maximum  (FWHM)  of  the  plume  camera  point  spread  function  is  about 
90  prad  (9  pixels).  That  of  the  tracker  camera  is  about  230  prad  (1.5  pixels).  The  plume  length  is 
expected  to  be  30  m  or  less,  which  corresponds  to  67  prad  at  a  450-km  range.  The  effea  of  tlie  point 
spread  is  to  blur  a  small  source  image  over  an  increased  image  area,  reducing  its  apparent  source 
radiance  as  well  as  increasing  its  apparent  dimensions. 

The  amount  of  the  reduction  of  the  apparent  source  radiance  depends  on  the  true  dimensions 
of  the  source.  The  ratio  of  the  true  radiance  to  the  apparent  radiance  is  on  the  order  of  the  ratio  of 
the  area  of  the  point  spread  function  to  the  true  source  area.  For  example,  if  the  true  plume  length  is 
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30  m,  and  the  9-pixel  diameter  at  a  450-km  range  amounts  to  40  m,  then  this  reduction  in  the 
apparent  source  radiance  will  be  about  2.8:1  for  the  plume  camera  and  12:1  for  the  tracker  camera. 
TTiis  effect  may  therefore  be  significant  in  a  comparison  of  the  apparent  radiance  values  presented  in 
the  image  and  contour  plots  with  predicted  plume  values.  In  the  absence  of  independent 
determination  of  the  source  dimensions,  the  apparent  radiance  values  cannot  be  corrected  for  this 
effect. 

4.2.5  Radiometric  Data  Analysis  Summary  and  Conversion  Values 

The  essence  of  the  data  analysis  procedure  is  the  determination  of  the  amplitude  of  the 
reference  spectral  siiape  that  -OM'f-  yield  the  obser.'e'l  r^’ot^'cvcnt  count.  Should  some  emission 
phenomenon  be  discovered  that  features  a  different  emission  spectral  shapje,  the  analyses  ..wuld 
necessarily  change,  yielding  different  values  for  the  nominal  spectral  radiance  of  the  source.  This  is  a 
well-known  and  unavoidable  problem  in  the  interpretation  of  radiance  measurements. 

The  principal  result  of  the  analysis  is  the  source  spectral  radiance  function  L(k)  and  the 
spectral  radiant  intensity  function  /(X).  These  functions  may  vary  rapidly  with  wavelength. 

Nominal  spectral  radiance  values  needed  for  displays  of  the  measurements  are  obtained  by 
specifying  a  reference  wavelength  for  each  filter,  taken  to  be  the  centroid  wavelength  in  this  report, 
and  calculating  the  spectral  radiance  at  that  wavelength  with  the  scaled  spectral  shape  function. 
Qianging  the  reference  wavelengths  would  change  the  nominal  values,  without  changing  the  radiance 
source. 


Radiance  and  radiant  intensity  values  are  obtained  by  integrating  the  scaled  source  spectral 
shape  function  between  specified  limits.  Those  chosen  here  are  the  zero-response  limits  of  the  various 
filters.  Any  change  in  these  limits  will  correspondingly  change  Lhe  values,  even  though  tl.e  source 
spectrum  and  strength  are  unchanged.  These  numbers  are  very  sensitive  to  the  limits  of  integration 
and  can  be  compared  to  any  other  numbers  only  if  the  other  values  are  based  on  identical  spectral 
limits. 


Finally,  the  specific  conversion  coefficients  for  photoevents  to  radiometric  values  may  be 
useful.  Any  revised  spectral  shape  assumption  will  lead  to  a  different  set  of  conversion  coefficients. 
Table  16  lists  the  radiometric  v^ues  for  single  photoevents.  All  values  assume  an  exposure  time  of 
l/30th  second;  the  radiant  intensity  values  refer  to  a  range  of  500  km.  The  spectral  radiance 
and  the  radiance  Lg  values  are  applied  to  single  photoevents  per  pixel.  That  is,  the  number  of 
photoevents  measured  in  a  panicular  pixel  is  multiplied  by  the  value  in  the  table  to  determine  the 
radiance  of  the  source  in  that  pixel's  field  of  view.  The  spectral  radiant  intensity  /(A^)  and  radiant 
intensity  Ig  values  are  noimally  applied  to  the  total  number  of  photoevents  measured  in  the  plume 
image. 


Table  16  -  Radiometric  Values  Corresponding  to  Single  Photoevents 


L{\g) 

/(Xc) 

Filter 

(pW/m^-nm-sr) 

(W/m2-sr) 

(W^m-s^) 

(W/sr) 

PC-1 

2.07x102 

3.11x10-2 

6.34x10-5 

9.51x10* 

PC-2 

9.55x102 

1.95x10-2 

2.93x10-2 

5.98x10* 

PC-3 

3.91x102 

4.08x10-2 

1.19x10-2 

1.25x10° 

PC-4 

5.38x10* 

5.68x10-5 

1.65x10-5 

1.74x10* 

TR 

3.96x10-2 

4.96xl0-« 

2.58x10-^ 

3.23x10-2 
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4.3  Examples  of  Single  Plume  Camera  Images 

This  subsection  presents  raw  plume  image  data.  Given  the  characteristics  of  the  UVPI 
cameras,  e.g.,  exposure  time,  optics  aperture,  and  the  rocket  plume  radiant  intensity,  the  number  of 
photoevents  that  are  register^  within  the  focal  plane  array  of  a  camera  can  be  individually  counted 
as  isolated  events.  In  this  respect,  UVPI  can  be  used  as  a  photon-counting  instrument. 

Figure  24  shows  single  images,  in  zoom  image  transmission  rate,  of  the  Antares  bum  for  the 
different  filters.  The  image  in  the  upper  left  comer  is  frame  10542,  PC-4;  the  upper  right  comer  is 
frame  10671,  PC-3;  the  lower  left  comer  is  frame  10987,  PC-2;  and  the  lower  ri^t  comer  is  frame 
11307,  PC-1.  Pixel  radiance  is  encoded  as  image  brighmess,  where  dark  and  bright  arc,  respectively, 
relatively  smaller  and  larger  radiance.  The  images  show  that  the  shape  of  the  plume  central  region 
and  outer  region  is  not  necessarily  clearly  delineated  in  a  single  frame. 

Every  bright  spot  on  the  image  corresponds  to  one  or  more  pfotoevents  that  pile  up  at  that 
particular  pixel  during  the  exposure  time  of  the  camera.  Figure  25  illustrates  the  number  of 
photoevents  per  second  measur^  at  each  pixel  location  in  the  center  64  by  64  pixels  of  the  lower- 
left-comer  image  shown  in  Fig.  24.  The  z  axis  corresponds  to  the  number  of  photoevents  per  second 
while  the  x  and  y  axes  correspond  to  row  and  column  indices.  The  actual  procedure  used  to  compute 
the  number  of  photoevents  from  the  measured  digital  number  in  the  UVPI  telemetry  stream  was 
discussed  in  the  previous  subsection.  Figure  25  is  also  representative  of  single  images  during  the  Star 
27  bum. 

4.4  Calibrated  Plume  Camera  Images 

In  this  subsection  calibrated  plume  camera  images  are  presented  that  show  the  spatial 
distribution  of  the  time-averaged  plume  radiance.  The  calibrated  images  are  composite  images 
formed  while  observing  the  Antares  or  Star  27  stages  during  the  seven  data  intervals  listed  in  Table 
10.  As  explained  in  Section  4.2,  the  reference  emission  spectrum  is  assumed  to  convert  UVPI 
measurements  into  units  of  radiance  (Watts/sr-cm^)  for  both  the  Antares  and  the  Star  27  data.  Within 
each  interval  the  plume-to-tracker  image  ratio  is  primarily  8:2,  and  the  exposure  time  for  each 
individual  plume  camera  image  is  1/30^  of  a  second.  Many  individual  images  are  superposed  to 
form  each  composite  image. 

The  limiting  resolution  of  the  UVPI  cameras  is  described  by  the  point  spread  function. 
Observation  of  a  ground-based  beacon,  a  source  less  than  5-m  across,  shows  that  the  full-width-half- 
maximum  of  the  point  source  response  in  the  plume  camera  is  about  9  pixels,  or  about  90  prad, 
which  is  equivalent  to  40  m  at  a  450-km  range.  Figure  26  shows  a  plume-camera  image  of  the 
beacon  on  the  same  scale  as  the  Strypi  plume  images,  which  follow.  This  is  representative  of  the 
plume  camera's  point  spread  function. 

The  Antares  stage  was  observed  with  the  four  plume-camera  filters;  the  Star  27  was  observed 
with  only  three  of  the  four  filters.  Figures  27  through  33  show  the  resulting  calibrated  composite 
images  for  the  seven  data  intervals.  In  these  images  the  radiant  intensity  has  been  mapped  to  a  false 
color  scale,  with  black  representing  the  highest  intensity,  yellow  the  middle  intensity,  and  white  the 
lowest  intensity.  A  horizontal  color  bar  depicting  the  mapping  of  radiant  intensity  into  colors  is 
shown  on  the  lower  L?ft  comer  of  each  image.  A  histogram  of  the  image  intensity  values  is  shown 
above  the  color  bar  in  the  form  of  white  dots. 

With  each  picture  or  plot  a  companion  summary  table  provides  relevant  information  for  the 
quantitative  inteipretation  of  the  image  or  plot  The  parameters  presented  in  these  tables  are  described 
in  Table  17. 
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Fig.  25  •  Single  imtge  of  Antares  plume 
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Target  obieived 
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Total  radiant  intensity  (W/sr) 
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Table  17  -  Description  of  Basic  Parameters 


Angle,  in  degrees,  between  ibe  tXlS  and  the  rocket  body  longitudinal  vector 


Avenge  distanoe,  in  kilometen,  betsreen  UVPl  and  die  plume  target 


Camen  used,  either  tracker  or  plume 


Size  in  pixels  (picture  elements)  of  the  image  being  displayod 


Number  of  images  avenged  together  to  genente  the  composite  image.  Due  to  the  tncker-lo-plume 
image  ntio,  this  number  it  not  equal  to  die  number  of  frames  in  the  range 


Projected  pixel  dimensions,  in  meters,  at  target  nnge.  This  number  does  not  account  for  any 
spreading  inroduced  by  the  optics  or  jitter  since  it  incorponlet  otdy  the  inttanuneous  Held  of  view 


Range  of  frames  containing  the  set  tneker  or  plume  camen  images  superposed 


band,  in  nanometers,  covered  by  all  images  widiin  the  set.  This  band  includes  more  than 
%  of  the  net  quantum  efficiency  response  curve 


Either  the  Antares  or  the  Star  27  stage 


Sum  of  all  photoevent  ■per-second  pixel  values  over  the  specified  region  of  the  focal  plane 


Radiant  intensity  associaled  arilh  the  total  photoevenls  per  second 


Spectral  ndiani  intensity  at  the  specified  centroid  wavelength  associated  with  the  total  pholoevents 
per  second 


Apparent  radiance  measured  at  the  brightest  pixel  in  an  image.  Because  of  the  size  and  structure  of 
UVPTs  point  spread  function,  the  value  given  it  not  likely  to  be  a  good  measure  of  the  trae  peak 
radiance  at  the  source.  The  value  is  useful  for  rough  comparisons  and  order-of-magnitude  estimates. 


Appatetu  spectral  radiance  at  the  specified  centroid  wavelength  measured  at  the  brightest  pixel  in  an 
image.  Because  of  the  size  and  structure  of  UVPTt  poim  spread  function,  the  value  given  is  not  likely 
to  Ire  a  good  measure  of  the  true  peak  spectral  radumce  at  the  source,  "the  value  is  useful  for  rough 
comparisons  and  order-of-magnitude  estimates. 


Total  error  associaled  with  the  above  radiometric  values.  This  error  includes  gain  conversion  factor 
error  and  the  error  anributable  to  photon  shot  noise  and  detector  noise.  The  error  estimate  is  based 
on  the  total  number  of  images  superposed.  See  Section  4.6  for  in-depth  discussion. 
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Note  that  the  number  of  images  superposed  in  each  data  interval  can  be  significantly 
different.  For  example,  only  12  images  were  used  for  interval  1,  and  207  were  used  for  interval  2.  For 
each  interval,  as  many  images  as  possible  were  superposed. 

During  the  Antares  stage,  the  outer  region  is  more  evident  in  the  last  three  filter  wheel 
positions,  i.c.,  PC-3,  PC-2,  and  PC-1.  This  may  be  because  there  were  only  12  superposed  images  of 
PC-4  data,  compared  with  more  than  100  images  for  each  of  the  other  filters. 

Because  of  the  relatively  long  observation  time,  the  apparent  rocket  velocity  vector  changes 
from  interval  to  interval.  The  velocity  is  directed  out  of  the  page  towards  the  viewer  at  an  angle  that  is 
the  complement  of  the  aspect  angle  shown  in  Fig.  16.  Over  the  period  of  observation,  the  direction  of 
the  rocket  velocity  vector  projected  on  the  image  plane  changes  significantly.  Table  18  summarizes 
the  direction  of  the  velocity  vector  projected  on  the  image  plane. 


Table  18  -  Apparent  Velocity  Vector  Direction  for  Each  Interval 


Interval 

Stage. 

Filter 

Direction  of  Motion  Relative 

to  Tracker  Camera 

X  Axis  (deg) 

1 

Antares 

PC^ 

16.3 

2 

Antares 

PC-3 

13.6 

3 

Antares 

PC-2 

9.1 

4 

Antares 

PC-1 

6.1 

5 

Star  27 

PC-1 

-29.1 

6 

Star  27 

PC-2 

•31.7 

7 

Star  27 

PC-3 

•33.4 

During  the  Star  27  stage,  tlie  number  of  images  superposed  for  filters  1,  2,  and  3,  are 
respectively,  44,  89,  171.  For  this  stage,  the  plume  shape  is  not  as  clearly  defined  as  for  the  Antares 
stage.  This  is  the  result  of  a  weaker  signal,  which  affected  the  tracking  performance. 


Fig.  26  -  Plume  camera  image  of  ground-based  beacon  illustrating  the  point  spread  function 


Observing  sensor:  UVPl 
Target  observed;  UVPI  Ground-Based  Beacon 
Orbit  number;  1173 
Range  of  frames  used:  12778-12778 


Camera:  Plume 


Displayed  Image  size  (pixels) 


112  (vertical)  x  91  (horizontal) 


Average  range  (km):  450 


lACE/VWI:  Strypi 


Observing  sensor: 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  images: 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  &  range: 

Aspect  angle  (deg): 
*Total  photoevents/$: 
*Total  radiant  intensity  (W/sr): 
*Total  spectral  radiant  intensity 
@  305  nm  (W/sr-|lra): 

•Error  (%): 


UVPI  (Feb.  18,  1991) 

Strypi.  Antares  stage 

10536-10549 

12 

Plume 

235-350  (PC-4) 

112  (vertical)  x  91  (horizontal) 
496 

4.86  (vertical)  x  6.20  (horizontal) 
100 

1.46  X  10“ 

8.31  X  10’ 

7.87  X  10^ 

At  least  13.5  (more  frames  needed) 


•For  full  image. 


Fig.  27  -  Composite  plume  camera  image  for  interval  1 


LACLVVPl:  Strypi 


Observing  sensor: 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  images: 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg): 
*Total  photoevents/s: 
•Total  radiant  intensity  (W/sr): 
•Total  spectral  radiant  intensity 
@  265  nm  (W/sr-(im): 
_ •Error  (%): 


UVPi  (Feb  18.  1991) 

Sirypi,  Anlarts  stage 
10656  10913 
207 
Plume 

195-295  (PC-3) 

112  (vertical)  x  91  (horizontal) 
477 

4,67  (vertical)  x  5  96  (horizontal) 
94 

9.75  X  !0^ 

3.69  X  10' 

3.53  X  10^ 

10.3 


•For  full  image. 


Fig.  28  -  Compo.site  plume  camera  im.age  for  interval  2 


LACE/UVPI:  Sriyp' 
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Observing  sensor:  IJVPI  (Kcb  18.  ly^l) 
Target  observed:  Strypi,  An:.ircs  stage 


Range  of  frames  used: 
Number  of  superposed  images: 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels): 

Average  range  (km): 


10963  1 1 190 

157 

Plume 

300-320  (PC-2) 

112  (vertical)  x  91  (horizontal) 
462 


Pixel  footprint  (m)  @  rar  :e:  4.53  (vertical)  x  5.78  (horizontal) 

Aspect  angle  (deg):  90 

♦Total  phetoevents/s:  1.91  x  10^ 

•Total  radiant  intensity  (W/sr):  3.24  x  10' 

♦Total  spectral  radiant  intensity 

@  310  nm  (W/sr-pra):  1-59  x  10^ 

_  ♦Error  (%):  16.0 


♦For  full  image. 


Fig.  29  •  Composite  plume  camera  image  foi  interval  3 


.  V 


Observing  sensor: 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  Images: 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg): 
•Total  pbotoev^nts/s; 
♦Total  radiant  intensity  (W/sr): 
•Total  spectral  radiant  intensity 
@  280  nm  (W/sr-pm): 

•Error  (%): 


UVPl  (Feb  18.  1991) 

Slrypi,  Antares  stage 
11284  11413 
104 
Plume 

220-320  (PC-1) 

112  (vertical)  x  91  (horizontal) 
452 

4.43  (vertical)  x  5  65  (horizontal) 
81 

3.52  X  10’ 

9  11  X  10' 

6.07  X  10’ 

11.1 


•For  full  image. 


Fig.  30  -  Composite  plume  camera  image  for  interval  4 


LACE/UVPl:  Strypi 
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Observing  sensor: 
Target  observed: 
Range  of  frames  used; 
Number  of  superposed  images: 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg); 
♦Total  photoevents/s: 
♦Total  radiant  intensity  (W/sr): 
♦Total  spectral  radiant  intensity 
@  280  nm  (W/sr-pm): 

♦Error  (%): 


UVPI  (Feb.  18.  1991) 

Strypi,  Star  27  stage 

13142-13239 

44 

Plume 

220-320  (PC-1) 

112  (vertical)  x  91  (horizontal) 
495 

4,85  (vertical)  x  7.19  (horizontal) 
56 

4  58  X  10^ 

1  42  X  10' 

9  49  X  10' 

12.2 


♦For  full  image. 


Fig.  31  -  Composite  plume  camera  image  for  interval  5 


LACE/UVPI:  Strypi 


Observing  sensor: 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  Images: 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg): 
•Total  photoevents/s: 
•Total  radiant  intensity  (W/sr): 
•Total  spectra]  radiant  intensity 
@  310  nm  (W/sr-jira): 

•Error  (^r): 


UVPI  (Feb.  18.  1991) 

Strypi,  Star  27  stage 

13489-13599 

89 

Plume 

300-320  (PC-2) 

112  (vertical)  x  91  (horizontal) 
515 

5.05  (vertical)  x  6  43  (horizontal) 
53 

2.17  X  10^ 

4  59 

2.25  X  10^ 

17.7 


!For  full  image. 
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Fig.  32  •  Composite  plume  camera  image  for  interval  6 


Observing  sensor: 

UVPi  (Feb.  i8.  1991) 

Target  observed: 

Sirypi.  Star  27  stage 

/ 

Range  of  frames  used: 

13677-13928 

/ 

Number  of  superposed  images: 

171 

V 

Camera: 

Plume 

Spectral  band  (nm): 

195-295  (PC-3) 

Displayed  image  size  (pixels): 

112  (vertical)  x  91  (horizontal) 

Average  range  (km): 

529 

Pixel  footprint  (m)  @  range: 

5.18  (vertical)  x  6  61  (horizontal) 

Aspect  angle  (deg): 

50 

*Total  photoevents/s: 

2.76  X  10’ 

•Total  radiant  intensity  (W/sr): 
•Total  spectral  radiant  intensity 

1  29  X  10' 

@  265  nm  (W/sr-jim): 

1  23  X  10’ 

•Error 

11.3 

Fig  33  -  Composite  plume  camera  image  for  interval  7 


LACE/UVPl:  Slrypi 
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4.4.1  Registration  of  Plume  Camera  Images 

The  composite  images  presented  in  this  report  are  formed  by  adding  values  for 
corresponding  pixels  over  all  the  images  in  the  data  interval.  This  has  the  effect  of  increasing  the 
signal-to-noise  ratio  (SNR).  The  impact  of  superposing  the  plume  camera  images  with  no  frame 
registration  was  as.sessed  by  computing  the  average  centroid  position  and  the  standard  deviation  of 
the  centroid  position  ove.  all  the  images  in  an  interval.  Table  19  summarizes  the  centroid  position  for 
the  plume  camera  for  each  of  the  data  intervals.  TTie  intensity  centroid  for  each  image  was  computed 
^er  setting  to  zero  all  those  pixels  with  amplitude  below  5%  of  the  peak  pixel  amplitude.  The  data 
indicate  that  maximum  RMS  jitter  for  the  Antares  intervals  was  7.1  pixels;  for  the  Star  27  intervals  it 
was  13.8  pixels. 


Table  19  -  Centroid  Statistics  for  Plume-Camera  Images 


Data 

Interval 

Images 

Superposed 

Angle 

Variation 

(4eg.) 

Centroid 
RMS  Jitter 
(pixels) 

Average  Centroid 
Position 
(row,  col) 

1 

12 

0 

1.1 

(55.6,41.2) 

2 

207 

3.4 

7.1 

(48.8,40.4) 

3 

157 

2.9 

6.8 

(52.5,42.5) 

4 

104 

0.6 

3.1 

(52.8,42.4) 

5 

44 

12.6 

10.1 

(49.8,47.3) 

6 

89 

8.6 

3.2 

i45. 6,47.0) 

7 

171 

6.5 

13.8 

(45.1,48.8) 

Although  the  supeiposed  images  presented  in  this  report  do  not  take  into  consideration  frame 
registraUon,  preliminary  analysis  indicates  that  the  improvement  obtained  by  using  frame  registration 
is  not  highly  noticeable.  For  example,  Fig.  34  illustrates  the  effect  of  frame  registration  for  interval  2. 
The  left  image  is  obtained  by  using  direct  superposition,  while  the  right  image  is  the  result  using 
frame  registration.  Given  the  image  aspect  angle  and  the  centroid  position  for  an  interval,  frame 
registration  was  done  by  rotating  the  consecutive  images  around  the  centroid  point  before  they  were 
superposed.  The  amount  of  rotation  used  was  obtained  from  the  same  source  used  to  generate  Fig. 
16.  Similarly,  Fig.  35  illustrates  the  effects  of  frame  registration  for  data  interval  5. 


Fig.  34  -  Comparison  of  image  supcrposilion  methods  for  data  interval  2. 
Left  image  uses  direct  superposition;  right  image  uses  frame  registration 


LACE/UVPI:  Sirypi 
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Fig.  35  -  Comparison  of  image  superposition  meuiods  for  data  interval  5. 
Left  image  uses  direct  superposition:  right  image  uses  frame  registration 


4.5  Calibrated  Tracker-Camera  Images 

While  the  plume  camera  gathered  rocket  plume  images,  the  tracker  camera  gathered  plume 
images  at  a  lower  rate  because  of  the  plume-to-tracker  image  ratio.  The  tracker  camera's  exposure 
time  varied  over  the  data  intervals  (Table  20). 


Table  20  -  Tracker  Camera  Exposure  Time 


Dau 

In.«rval 

Tracker  Camera  I 

Exposure  Time  (ms)  | 

1 

13.40  f 

2 

3 

9.66 

4 

15.40 

5 

8.60 

6 

8.60 

7 

8.60 

The  limiting  resolution  of  the  UVPI  cameras  is  described  by  the  point  spread  function. 
Observation  of  the  ground-based  beacon,  a  source  less  than  5  m  across,  showed  that  the  full-width- 
half-maximum  of  the  point  source  response  in  the  tracker  camera  is  about  1.5  pixels,  or  about  230 
prad.  This  is  equivalent  to  104  m  at  a  450-km  range.  Figure  36  shows  a  tracker-camera  image  of  the 
ground-based  beacon  on  the  same  scale  as  the  Strypi  tracker-camera  images  that  follow.  This  is 
representative  of  the  tracker  camera's  point  spread  function. 

The  corresponding  composite  tracker  camera  images  for  each  of  the  seven  data  intervals  are 
shown  in  Figs.  37  -  43.  In  this  section  the  pseudo-color  scale  used  for  mapping  the  radiant  intensity 
into  colors  was  inverted  to  allow  the  subtle  outer  region  to  be  observed.  The  outer  region  in  the 
tracker  camera  was  more  evident  during  the  Antares  stage,  especially  during  intervals  1  and  4.  The 
Star  27  stage  did  not  show  much  evidence  of  an  outer  region  in  the  tracker  camera. 


HW.  Smothers  et  at. 
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Observing  sensor: 

UVPI 

Target  observed: 

UVPl  Ground-Based  Beacon 

Orbit  number: 

1173 

Range  of  frames  used: 

12772  12772 

Camera: 

Tracker 

Displayed  image  size  (pixels): 

1 12  (vertical'  x  91  (hori/onlal) 

Average  range  (km): 

450 

Fig.  36  -  Trackcr-caniera  image  of  ground-based  beacon  illustrating  the  point  spread  function 


UCE/UVPl:  Strypi 
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Observing  sensor; 
Target  observed: 
Range  of  frames  used; 
Number  of  superposed  images: 

Camera: 
Spectral  band  (nm); 
Displayed  Image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg): 
*Total  pbotoevents/s; 
*Total  radiant  Intensity  (W/sr): 
*Total  spectral  radiant  intensity 
Q  390  nm  (W/sr>pm): 

•Error  (%): 


UVPI  (Feb.  18,  1991) 

Strypi,  Antares  stage 
10536  -  10549 
2 

Tracker 
255  -  450 

112  (vertical)  x  91  (horizonlal) 
496 

70.9  (vertical)  x  90.2  (horizontal) 
100 

2.76  X  10^ 

2.93  X  10^ 

2.34  X  10’ 

15.6 


•For  central  19  x  19  pixels. 


Fig.  37  -  Composite  tracker  camera  image  for  interval  I 


■X 


LACE/UVPI:  Sln/ii 


♦For  central  19  x  19  pixels. 

Fig.  38  -  Composite  tracker-camera  image  for  interval  2 
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LACE/UVPI:  Sirypi 


*For  central  19 
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Observing  sensor: 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  Images: 

Camera: 
Spectral  band  (nm): 
Displayed  Image  size  (pixels): 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg): 
*Total  pbotoevents/s: 
*Total  radiant  Intensity  (W/sr): 
*Total  spectral  radiant  intensity 
@  390  nm  (W/sr-pm): 
_ *Error  (%): 


UVPI  (Feb.  18,  1991) 

Sirypi,  Aniares  stage 
10963  -  11190 
40 

Tracker 
255  -  450 

112  (vertical)  x  91  (horizontal) 
462 

66.0  (vertical)  x  84  (horizontal) 
90 

5.78  X  10^ 

5.32  X  10^  I 

4.24  X  10^  \ 

15.6 _  I 


19  pixels. 

Fig.  39  -  Composite  tracker-camera  image  for  interval  3 
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LACE/UVPI:  Sinpi 


♦For  central  19  x  19  pixels. 


Fig.  40  -  Composite  tracker-camera  image  for  interval  4 


LACE/UVPI:  Sirypi 


Observing  sensor: 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  images: 

Camera: 
Spectral  band  (nm): 
Displayed  Image  size  (plxeb;: 

Average  range  (km): 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg): 
*Total  photoevents/s: 
*Total  radiant  Intensity  (M'/sr): 
*Total  spectral  radiant  intensity 
@  390  nm  (W/sr-pm): 

•Error  (%): 


•For  central  19  x  19  pixels. 


UVPI  (Feb.  18.  1991) 

Strypi,  Star  27  stage 
13142  -  13239 
31 

Tracker 
255  -  450 

112  (vertical)  x  91  (horizontal) 
495 

70.7  (vertical)  x  90  0  (horizontal) 
56 

5.32  X  10^ 

5.62  X  10' 

4.48  X  10^ 

15.6 


Fig.  41  -  Composite  tracker-camera  image  for  interval  5 
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LACl-yUVPI:  Slrypi 
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Observing  sensor; 
I'arget  observed: 
Range  of  frames  used: 
Number  of  superposed  Images: 

Camera; 
Spectral  band  (nm); 
Displayed  image  size  (pixels); 

Average  range  (km): 
Pixel  footprint  (m)  @  range; 

Aspect  angle  (deg): 
*TotaI  photoevents/s; 
♦Total  radiant  intensity  (W/sr): 
♦Total  spectral  radiant  Intensity 
@  390  nm  (W/sr-pm): 
_ ♦Error  (%): 


UVPI  (Feb.  18.  1991) 

Strypi,  Star  27  stage 
13489  -  13599 
23 

Tracker 
255  -  450 

112  (vertical)  x  91  (horizontal) 
515 

73.6  (vertical)  x  93.7  (horizontal) 
53 

5.37  X  10"' 

6.14  X  10' 

4.90  X  10^ 

15.6 


'For  central  19  x  19  pixels. 
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Fig.  42  -  Composite  tracker-camera  image  for  interval  6 
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Observing  sensor; 
Target  observed: 
Range  of  frames  used: 
Number  of  superposed  images; 

Camera: 
Spectral  band  (nm): 
Displayed  image  size  (pixels); 

Average  range  (km); 
Pixel  footprint  (m)  @  range: 

Aspect  angle  (deg); 
♦Total  photoevents/s: 
♦Total  radiant  intensity  (W/sr); 
♦Total  spectral  radiant  intensity 
®  390  nm  (W/sr-pm): 
_ ♦Error  (%): 


UVPI  (Feb.  18,  1991) 

Strypi.  '■‘rr  27  stage 
13677  -  13928 
41 

Tracker 
255  -  ■'^0 

112  (vertical)  x  91  (horizontal) 
529 

75.6  (vertical)  x  96.2  (horizontal) 
50 

4.57x10^ 

3.52x10' 

4.40x10^ 

15.6 


X 


♦For  central  19  x  19  pixels. 


Fig.  43  -  Composite  tracker-camera  image  for  interval  7 
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With  each  picture  or  plot  a  companion  summary  table  provides  relevant  information  for  the 
quantitative  interpretation  of  tte  image  or  plot.  The  parameters  presented  in  these  tables  are  described 
in  Table  17.  Radiometric  values  reported  in  the  table  accompanying  each  figure  are  for  the  central  19 
by  19  pixels  of  the  tracker  camera.  This  field  of  view  approximately  matches  the  total  field  of  view  of 
the  plume  camera.  This  field  of  view  contains  plume  central  region  and  a  portion  of  the  outer  region. 
Therefore,  it  carmot  reliably  be  converted  to  radiant  intensity  or  spectral  radiant  intensity.  However,  to 
provide  estimates  of  the  r^iant  intensity  and  spectral  radiant  intensity,  values  based  on  reference 
spectral  energy  distribution  assumptions  are  reported  for  the  tracker  camera  observations.  These 
results  have  been  reduced  by  16.3%  to  account  for  red  leakage  in  the  tracker  camera  filter. 

Note  that  the  number  of  images  superposed  in  each  data  internal  can  be  significantly 
different  For  example,  only  2  images  were  used  for  interval  1,  and  SO  were  used  for  interval  2.  For 
each  interval,  as  many  images  as  possible  were  superposed. 

4.6  Error  Analysis  for  Radiometric  Observations 


The  complete  estimate  of  the  error  in  determining  radiometric  values  from  the  digital 
numbers  reported  by  the  UVPI  cameras  observing  a  rocket  plume  is  composed  of  two  components: 
measurement  noise,  addressed  in  Section  4.6.1,  which  includes  photon  shot  noise  and  other  intrinsic 
sensor  noise  sources,  and  calibration  error,  discussed  in  Section  4.6.2,  which  is  the  error  contained  in 
the  gain  conversion  factor.  Section  4.6.3  discusses  the  calculation  of  the  total  error  based  on  the  error 
components  presented  in  4.6.1  and  4.6.2. 

4.6.1  Error  Due  to  Measurement  Noise 

Because  of  photon  shot  rtoise,  the  error  in  the  calculated  number  of  photoevents  changes  as  a 
fimetion  of  the  plume  radiant  intensity,  which  could  change  as  a  function  of  time.  Since  the  Antarcs 
and  Star  27  thrust  curves  have  a  slow  variation  with  time  (Figs.  13  and  14),  the  plume  radiance  was 
assumed  to  be  locally  constant  That  is.  the  radiant  intensity  statistics  are  not  affected  by  a  small  shift 
in  time.  A  window  size  of  IS  consecutive  images  was  selected  for  the  statistical  analysis  of  the  plume- 
camera  data,  and  a  window  of  9  consecutive  images  was  selected  for  the  tracker-camera  analysis.  A 
larger  time  window  could  be  used  with  the  risk  of  making  the  locally  constant  assumption  invalid. 


Given  the  number  of  photoevents  as  a  function  of  image,  the  following  quantities  are  defined: 

M  is  number  of  images  in  data  interval, 

N  is  number  of  images  used  within  the  window, 

Itj  is  local  mean  over  N  images  aroimd  .''h  image. 

Oj  is  local  standard  deviation  around  ith  image. 
ti  is  3.  lOj-t-fij,  detection  threshold. 

6;  is  Oj/fij,  local  error  around  the  ith  image. 

Gg  is  gain  conversion  factor  for  gain  step  g,  in  units  of 
sensor  output  per  photoevent, 
ti/C  is  error  in  l/Gg, 

tff  is  average  local  error  in  the  measured  number. 


is  upper  bound  error  in  the  measured  number  for  the 
case  of  M  averaged  images. 


max(g,) 

Vm 


.  over  all  i. 


(18) 
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To  prevent  extreme  values  from  affecting  the  local  statistics,  the  maximum  and  minimum 
values  within  the  N  window  samples  were  rejected.  That  is,  only  N-2  images  were  used  for  computing 
the  local  mean  and  local  standai^  deviation.  Under  the  assumption  that  the  mean  radiant  intensity  is 
high  enough  for  the  radiant  intensity  fluctuations  to  be  modeled  by  a  gaussian  distribution,  the 
probability  of  exceeding  the  above-defined  threshold,  r,-.  is  no  more  than  0.001. 

Table  21  lists  M,  the  number  of  images  averaged  in  each  data  interval,  and  ts  ,  the  error  due 
to  measurement  in  tlte  values  averaged  over  the  v^ndow  that  consists  of  N  images.  There  are  three 
columns  of  ts  values  corresponding  to  plume-camera  central  region  measurements,  plume-camera 
central  region  plus  outer  region,  and  tracker-camera  19  by  19  pixel  field  of  view.  Tne  19  by  19 
tracker-camera  pixels  approximately  cover  the  full  field  of  view*  of  the  plume  camera.  The  central 
region  and  outer  region  as  used  in  t^s  report  are  defined  in  Section  5.1. 


Table  21  -  Percent  Error  per  Image  Due  to  Measurement  Noise,  in 


Interval 

Imagei 

(M) 

Plume  .Camera 
Central  Region 

Plume^Tamera 
Centra]  Region 
+  Outer  Region 

Tracker 

Camera 
(19  X  19) 

1 

12 

— 

2 

207 

33.8 

24.8 

3.4 

3 

137 

28.3 

18.4 

4.5 

4 

104 

17.4 

17.4 

6.3 

3 

44 

44.7 

32.9 

6.0 

6 

89 

87.1 

33.5 

6.2 

7 

171 

38.6 

48.9 

6.0 

4.6.2  Error  in  Gain  Conversion  Factor 

The  gain  conversion  factor  Gg,  derived  from  on-orbit  calibration  as  discussed  in  Appendix 
B.4.0,  is  based  on  calibration  star  measurements.  The  mean  and  standard  deviation  of  Gg,  based  on 
measurements  of  several  calibration  stars  over  the  full  set  of  UVPI  camera  gains,  can  be  obtained  for 
each  camera  configuration  by  calculating  the  deviations  of  individual  calibration  star  measurements 
about  a  mean  calibration  curve. 

Table  22  tabulates  the  error  associated  with  the  gain  conversion  factor  for  the  plume  and 
tracker  cameras.  The  values  reported  are  the  average  deviations  of  calibration  star  measurements 
about  the  mean  calibration  curve. 

Table  22  -  Average  Error  in  l/G,  for  Tracker  and  Plume  Cameras 


Camera/Fi'tet 

Average  Deviation 
firom  Mean  Calibration  Curve  (%) 

Tracker 

15.6 

Phime.  PC-1 

10.3 

Plume,  PC-2 

13.9 

Plume,  PC-3 

9.9 

Plume,  PC-4 

13.5 

4.6.3  Calculation  of  Total  Error 

The  estimated  total  calibration  error  depends  on  the  number  of  images  averaged  together,  M. 
In  this  report,  the  total  error  is  defined  as  the  ratio  of  the  standard  deviations  of  the  number  of 
photoevents  to  the  mean  value  of  the  number  of  photoevents.  Assuming  that  the  digital  number 
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reported  by  UVPI  for  a  calibration  star  and  the  gain  conversion  factor  Gg  are  uncorrelated,  or  weakly 
correlated,  then  the  total  error  per  image  e/rcan  be  obtained  [18]  from: 

£f=‘^ *  £^VG  +  £^n  +  £\g  .  (19) 

where  is  the  average  local  error  in  the  number  of  measured  photoevents  presented  in  Table  21.  and 
Ej,q  is  ^e  error  in  the  gain  conversion  factor  tabulated  in  Table  22. 

For  the  case  of  Af-averaged  images,  an  upper  boimd  estimate  of  the  total  error  is  given  by 

£r  =  ■^£\  •  £\a  +  f  ^  +  £\a  .  (20) 


Notice  that  Cj'  can  never  be  smaller  than  no  matter  how  many  images  arc  averaged  together. 


Table  23  sutiunarizes  the  overall  error  analysis  results  for  the  plume  central  region  radiant 
intensities  for  each  of  the  data  intervals.  The  first  column  identifies  the  data  interval.  The  second 
column  contains  the  number  of  images  within  the  data  interval.  The  column  imder  the  K  heading 
contains  the  ratio  of  the  average  standard  deviation  of  photoevents  to  the  square  root  of  the  average 
number  of  photoevents.  i.e.. 


K  = 


(21) 


Table  23  -  Plume  Central  Region  Radiometric  Percent  Errors  for  Plume  Camera 


Interval 

M 

K 

1 

12 

. 

- 

2 

207 

1.381 

33.4 

10.7 

3 

137 

1.46S 

32.8 

16.2 

4 

104 

1.468 

20.4 

11.1 

5 

44 

1.302 

46.2 

13.4 

6 

89 

1.370 

89.6 

20.6 

7 

171 

1.443 

39.7 

12.2 

Under  the  assumption  that  the  signal  is  not  changing  rapidly  in  time.  K  relates  the  measured 
noise  to  the  theoretical  ^rformance  of  a  background  iimited  system,  where  the  dominant  source  of 
noise  is  shot  noise.  A  ratio  of  /if=l  implies  pure  background-limited  performance.  Hence,  the  values 
obtained  indicate  that  although  UVPI  is  close  to  background-limited  performance,  other  sources  of 
sensor  noise  are  present 

The  fourth  and  fifth  columns  show,  respectively,  the  total  percent  error  on  an  image  by  image 
basis  and  the  total  percent  error  resulting  after  averaging  all  M  images  available  within  the  appropriate 
data  interval.  Data  interval  number  1  did  not  have  enough  images  to  compute  Ef^. 

Similar  to  Table  23,  Tables  24  and  25  show,  respectively,  the  radiant  intensity  errors  for  the 
total  plume-camera  field  of  view  and  those  for  the  19  by  19  tracker-camera  pixels  that  overlay  the 
plume-camera  field  of  view. 
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Table  24  -  Central  Region  Plus  Outer  Region  Radiometric  '^nsit  Errors  foi  Plume  Camera 


Table  25  -  Radiometric  Percent  Errors:  Tracker  Camera  Over  19x19  Pixel  Window 


Table  26  lists  Cy  for  each  of  the  seven  data  intervals:  the  plume  camera  observing  the  central 
region  only,  the  plume  camera  observing  the  central  region  and  the  outer  region,  and  the  19  by  19 
pixel  field  in  the  tracker  camera  that  conesponds  to  the  full  plume-camera  field  of  view. 

Table  26  •  Total  Radiometric  Percent  Errors,  tj 


Inlerval 

Plume  Camen 

Plume  Camera 

Tracker  Camera 

Central  Region 

Central  Region  + 
Outer  Region 

19  X  19 

10.3 

15.6 

16.0 

15.6 

11.1 

15.6 

12.2 

15.6 

17.7 

15.6 

11.3 

15.6 

4.7  Noise  Equivalent  Radiance 

Following  the  noise  equivalent  radiance  (NER)  definition  given  in  the  Infrared  Handbook 
[19],  the  UVPI  NER  i  defined  as  the  source  radiance  level  that  will  result  in  a  signal-to-noise  ratio  of 
1  at  the  output  of  a  single  pixel.  The  NER  can  be  interpreted  as  the  sensitivity  limit  for  an  imaging 
system.  For  UVPI,  a  single  NER  number  does  not  fully  characterize  the  sensitivity  of  the  system  since 
this  is  a  function  of  integration  time,  spectral  filter,  camera  gain  level,  number  of  images  superposed, 
and  the  assumed  source  spectrum. 


I 

I: 
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The  following  discussion  is  based  on  empirical  estimates  of  the  signal  and  noise  within  the 
UVPl  cameras  as  opposed  to  a  theoretical  discussion.  A  theoretical  expression  for  the  signal  power  to 
noise  power  ratio  applicable  to  the  microchannel  plate  image  intensifier  of  the  UVPI  can  be  found  in 
Ref.  20.  A  single  pixel  in  the  plume  or  tracker  camera  can  be  treated  as  a  photoeyent  counting 
device.  The  signal -to-noise  ratio  (SNR)  definition  from  which  the  empirical  UVPI  NER  is  derived  is 

{SNRf  =  M^»S^nM»N^  +  M*N}).  (22) 


where 

M  is  the  number  of  images  superposed.  This  affects  the  effective  integration  time. 

S  is  the  mean  number  of  signal-related  photoevents  collected  in  a  pixel  during  the 
integration  time. 

N  is  the  signal  independent  noise  standard  deviation  for  a  single  pixel  expressed  in 
photoevents/image.  This  noise  source  is  constant  When  expressed  in  photoevents^image, 
its  level  depends  on  the  camera  gain  setting  used. 

Ng  is  the  signal  dependent  photon  shot  noise  standard  deviation  expressed  in 
photoevents/image.  Based  on  extensive  measurements  made  on  UVPI  data,  the  signal- 
dependent  noise  can  be  expressed  in  terms  of  the  mean  number  of  signal-related 
photoevents  by  using 

=  (23) 

Note  that  this  is  two  times  higher  than  the  photon  shot  noise  prediction. 

From  the  SNR  expression  above,  the  mean  number  of  signal-related  photoevents/image  in  a 
pixel  that  will  result  in  a  Sl'lR  of  1  is 


S' =  211 -»■  (1  +  A/ •  fV*  /  4)'"]  /  A/ . 


(24) 


Notice  that  for  the  case  of  only  one  superposed  image,  Af  =  1,  and  a  negligible  level  of  sensor 
noise  N,  the  resulting  sensitivity  limit  is  4  photoevents/image.  The  NER  is  related  to  S'  by  a 
multiplicative  constant  K,  i.e., 

NER  =  K*S'  =  2K[l  +  il  +  M*N^/4f^]M,  (25) 

where  K  is  the  radiometric  calibration  constant  that  converts  from  photoeventsAimage  to  pW/sr-cm^.  K 
is  a  function  of  the  spectral  filter  used,  the  single-image  exposure  time,  and  the  assumed  source 
spectrum. 

The  radiometric  sensitivity  could  also  be  improved  by  performing  spatial  averaging  at  the 
expense  of  a  lower  spatial  resolution. 

Table  27  summarizes  the  estimated  NERs,  or  sensitivity  levels,  for  the  seven  data  intervals  for 
the  plume  camera,  under  the  assumption  of  the  reference  spectrum.  Since,  for  the  plume  camera,  the 
signal-independent  noise  is  negligible  compared  to  the  signal-dependent  noise,  image  superposition 
provides  an  increase  in  sensitivity  that  is  linear  with  the  number  of  superposed  images. 
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Table  27  -  Plume  Camera  NER  Per  Pixel  for  Data  Intervals 


DaU 

Stage 

Filter 

UVH 

NER  for  Single 

Number  of  Images 

NER  for  Data 

Interval 

Gain 

Image 

Superposed 

Interval 

Step 

(W/sr-cm^) 

(W/sr-cm^) 

An  tares 

PC-4 

An  tares 

PC-3 

An  tares 

PC-2 

An  tares 

PC-1 

Star  27 

PC-1 

Star  27 

PC-2 

Star  27 

PC-3 

2.3  X  10  * 


1.6  X  10- 


7.8  X  10- 


1.2  X  10-* 


1.2  X  10- 


7.8  X  10-* 


1.6  X  10  * 


1.9  X  10-^ 


7.9  X  10-* 


5.0  X  10-* 


1.2  X  10 


2.8  X  10- 


8.8  X  10- 


95  X  10  * 


Table  28  summarizes  the  estimated  NERs,  or  sensitivity  levels,  for  the  seven  data  intervals  for 
the  tracker  camera  under  the  assumption  of  the  reference  spectrum.  The  last  column  expresses  the 
sensitivity  level  in  photoevents/s.  As  opposed  to  the  plume  camera,  in  the  tracker  camera  the  signal- 
independent  noise  is  not  negligible,  and  the  improvement  in  sensitivity  is  not  linear  with  the  number 
of  images  superposed. 


Dau 

Interval 


Table  28  -  Tracker  Camera  NER  Per  Pixel  for  Data  Intervals 


Suge 


An  tares 


An  tares 


An  tares 


An  tares 


Star  27 


Star  27 


Star  27 


NER  for  S'ngle 
Image 
(W/sr-cm*) 


1.1  X  10-* 


1.8  X  10-* 


1.8  X  10-‘ 


1.8  X  10- 


8.2  X  10-'' 


8.2  X  10- 


8.2  X  10-’ 


Number  of  Images  IT 
Superposed  G 
S 


NER  for  Data 

Interval 

(W/sr-cm^) 

Minimum 
Detectable  Number 
of  Photoevents/S 
for  Superposed 
Images 

7J  X  10-’ 

44 

2.0  X  10-’ 

120 

23  X  10  ’ 

140 

3.2  X  10  ’ 

190 

4.9  X  lO-'O 

29 

6.0  X  lO-’o 

36 

4.’  X  10-“ 

24 

5.0  SPATIAL  FEATURES 

This  section  concentrates  on  the  spatial  characterization  of  the  measured  plumes.  First, 
definitions  for  the  plume  central  region  and  outer  region  are  presented.  Second,  contour  plots  for 
each  of  the  seven  data  intervals  arc  presented  for  the  plume  earner,  followed  by  contour  plots  for  the 
tracker  camera.  Third,  the  plume's  spatial  extent  is  discussed  with  consideration  for  the  UVPI's  point 
spread  function  (PSF).  Finally,  the  observed  plume  is  compared  to  the  CHARM  1.3  model 
predictions. 

S.l  Delineation  of  Plume  Central  and  Outer  Regions 

Because  of  the  generally  low  signal  statistics  in  a  single  image,  an  accurate  delineation  of  the 
plume  central  or  outer  region  is  not  possible  from  a  single  image.  Hence,  an  average  of  si:pcrposed 
images  (a  composite  image)  is  used  to  define  the  plume  central  region  extent  for  each  of  the  seven 
intervals. 

Definition  of  the  central  region  was  begun  by  selecting  all  pixels  in  the  composite  image  for 
which  the  radiance  was  at  least  25%  of  the  brightest  pixel  radiance.  The  resulting  region  was 
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expanded  further  by  performing  a  dilation  with  a  square  window  of  5  by  5  pixels.  By  using  this 
criterion,  the  region  defining  the  plume  central  region  is  depicted  in  Figs.  44  and  45.  The  in.ages  on 
the  left  are  the  composite  images,  and  in  the  images  on  the  right,  the  corresponding  central  region  is 
overlaid  as  a  completely  white  region.  Figure  44  shows  th  c  four  intervals  for  the  Antares  bum,  and 
Fig.  45  shows  the  three  intervals  for  the  Star  27  bum. 

Table  29  summarizes  the  central  region  extent  in  pixels  for  each  of  the  seven  data  intervals 
considered.  Figure  45  shows  that  for  tlie  Star  27  stage  during  filter  positions  1  and  3,  intervals  5  and 
7,  the  resulting  central  region  is  not  contiguous  and  includes  a  large  number  of  pixels.  This  is  the 
result  of  the  weak  signal  that  affected  the  tracker  performance,  compounded  by  the  coning  that  took 
place  during  the  Star  27  stage.  Therefore,  no  values  for  centr^  region  extent  are  reported  for  these 
two  intervals. 

For  the  tracker  camera,  the  central  region  is  defined  as  all  those  pixels  that  overlap  the  plume 
camera  field  of  view.  Hence,  in  this  report,  the  central  region  for  the  tracker  camera  is  not  defined 
oyer  the  same  area  as  for  the  plume  camera. 

From  the  point  of  view  of  phenomenology,  an  argument  can  be  made  that  the  central  region 
definition  above  does  not  fully  contain  the  plume  core.  To  validate  the  definition  of  the  plume 
central  region,  additional  consecutive  dilation  operations  were  performed  to  force  the  defined  central 
region  to  become  larjger.  Figures  46  through  49  show  the  number  of  photcevents  per  image  in  the 
central  and  outer  regions  as  a  function  of  central  region  size  for  the  Antares  stage  data  intervals.  A 
vertical  dashed  line  is  used  to  illustrate  ^e  central  region  size  used  in  this  report.  These  plots  can  be 
used  to  scale  the  results  presented  in  the  report  if  a  different  central  region  size  is  desired. 

5.2  Calibrated  Plume  Contours 

Figure  50  shows  the  contour  plot  for  the  ground  beacon,  a  point  source,  on  the  same  scale  as 
Figs.  51  through  57,  discussed  below.  This  figure  indicates  the  resolution  of  the  plume-camera 
contour  plots  due  to  the  point  spread  funaion.  ; 

! 

Figures  51  through  57  show  the  contour  plots  for  the  seven  data  intervals,  starting  with  filter  4 
in  the  Antares  stage  and  ending  with  filter  3  in  the  Star  27  stage.  With  each  picture  or  plot  a 
companion  summary  table  provides  relevant  information  for  the  quantitative  interpretation  of  the 
image  or  plot.  The  parameters  presented  in  these  tables  ate  described  in  Table  17. 

I 

The  black,  blue,  and  red  contours  represent,  respectively,  pluihe  radiance  contours  at  0.95, 
0.5,  and  0.095  of  the  maximum  radiance  in  the  image.  The  radiance  units  are  watts  per  steradian  per 
square  centimeter,  and  the  horizontal  and  vertical  axes  are  scaled  in  meters. 

Because  of  the  UVPI's  dynamic  range  of  256  levels  in  the  analog  to  digital  converter,  it  is 
ditficult  to  get  well  defined  plume  contours  at  levels  below  0.095  of  the  maximum  radiance  unless  a 
large  number  of  images  are  superposed. 

Table  30  contains  the  value  of  tf>e  maximum  apparent  pixel  radiance  measured  for  the 
brightest  pixel  for  the  plume  camera  as  a  function  of  data  interv^.  The  table  also  shows  apparent 
pe^c  spectral  radiance  reported  at  the  specified  centroid  wavelength  As  expected,  the  Star  27  stage 
results  in  weaker  radiance  values  than  the  Antares  stage.  The  PC-1  and  PC-3  peak  radiance  values 
during  the  Star  27  stage  are  uncertain  because  of  the  low  signal-to-noise  ratio.  Because  of  the  size 
and  structure  of  UVPI's  point  spread  function,  the  values  given  are  primarily  useful  for  rough 
comparisons  and  order-oFmagnitude  estimates.  Estimates  of  true  source  peak  radiance  require 
further  analysis.  A  comparison  of  UVPI  apparent  peak  radiance  measurements  with  reference 
spectrum  predictions  is  presented  in  Section  5.5. 
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Fig.  45  -  Highlighted  plume  central  region5  for  Star  27 


Table  29  -  Central  Region  Extent  in  Plume  Camera 


Interval 

Stage 

Filter 

Central  Region 
Extent  (pixels) 

Central  Region 
Extent  (m*) 

Photoevents/Image  <»’  Photoavents/lmage 
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Number  of  pixels  In  central  region 


Number  of  pixels  in  central  region 


46  -  Photoevents  as  a  function  of  defined  central  region  pjg.  47  •  Photoevents  as  a  function  of  defined  central  region 
Stze,  Antares  interval  1  size,  Antares  interval  2 


Number  of  pixels  in  central  region 


Number  of  pixels  In  central  region 


E-  ,io  nv  .  .  t  r  j  r-  j  ^  ,  Rg-  49  -  Phoiocvcnts  as  a  function  of  defined  central  region 

Fig.  48  -  Photoevents  as  a  function  of  defined  central  region 

•  .  .  .  ,  ,  size,  Antares  mter.'al  4 

size,  Antares  interval  3 
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Fig.  52  -  plume-camera  contour  plot  for  interval 
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Fig.  53  -  Plume-camcra  contour  plot  for  interval  3 
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Fig.  54  -  Plume-camera  contour  plot  for  interval  4 
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Fig.  56  -  Plume  camera  contour  plot  for  interval  6 
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Fig.  57  -  Plume-canKij  contour  plot  for  interval  7 
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Tabic  30  -  Plume  Camera  Apparent  Peak  Radiometric  Value 


Imetval 

St»ge 

Fillet 

Apparent  Peak 
Radiance 
(pW/tr-ctr.^l 

Apparent  Peak 
Spectra'  Radiance 
{pW/sr-cm^-Um) 

A 

Centroid 

Wavelength 

(rtm) 

1 

Anures 

PC -4 

2.99 

2.83x10' 

305 

2 

Amuc* 

PC -3 

i  9.23x10  ‘ 

8.84 

265 

3 

Ant  airs 

PC  2 

6.92x10' 

3.39x10' 

310 

4 

Antares 

PC-1 

2.72 

1.81x10' 

280 

5 

Star  27 
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1  - 

1  - 

280 

6 

Star  27 

PC-2 

1.79x10' 

8.77 

310 

7 

SuT  27 

PC-3 

— 

— 
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5.3  Calibrated  Tracker-Camera  Spatial  Features 

The  resolution  of  the  tracker  camera,  as  limited  by  the  point  spread  function,  is 
approximately  230  prad.  At  a  450  to  500-km  range,  this  is  equivalent  to  about  110  m.  Since  the 
Antares  and  Star  27  plumes  arc  expected  to  be  only  15  to  40  m  long,  the  tracker  camera  cannot 
resolve  the  plume.  Likewise,  the  tracker  c.imcra  cannot  resolve  the  luminous  structure  within  the 
plume.  This  is  consistent  with  the  primary  role  of  the  tracker  camera  as  a  plume  acquisition  and 
tracking  in.strument  in  support  of  the  Itigher  resolution  plume  camera. 

However,  the  tracker  camera  is  a  radiometrically  calibrated  instrument  and  is,  within  its 
resolution  limits,  capable  of  quantitative  plume  radiometric  measuremenus.  Some  examples  of  the 
images  obtained  by  the  tracker  camera  and  the  apparent  radiances  of  the  plume  sources  arc  given. 
Since  the  plumes  arc  well  below  the  camera  resolution  limit,  the  images  essentially  show  the  point 
spread  function  of  the  tracker  camera. 

Figure  58  shows  the  tracker-camera  contour  plot  for  the  ground  beacon,  a  point  source.  This 
Figure  indicates  the  resolution  of  the  tracker-camera  contour  plots  resulting  from  the  point  spread 
function.  Figures  59  and  60  arc  tracker-camera  contour  plots  for  the  Antares  and  Star  27  bums, 
respectively.  The  contour  plots  for  other  intervals  arc  essentially  the  s.inic. 

The  apparent  radiance  values  correspond  to  spreading  the  plume  source  over  the  area  defined 
by  the  tracker-camera’s  resolution  limit.  Since  this  area  is  as  much  as  85  times  the  plume  area,  the 
apparent  radiance  values  arc  well  below  the  true  plume  radiances.  Furthermore,  since  the  true  plume 
area  is  not  well  known,  it  is  not  possible  to  adjust  these  apparent  radiance  values  for  the  limited 
camera  resolution.  The  apparent  radiance  values  listed  with  the  plume  images  are  shown  only  as 
indications  of  the  tracker  camera  results  and  are  not  to  be  taken  as  valid  measures  of  the  plume 
radiance. 

Tlie  Antares  and  Star  27  plumes,  at  these  ranges,  must  be  treated  as  point  sources  that  yield 
radiant  intensity  values.  The  radiant  intensity  measurements  by  the  tracker  camera  arc  shown  in 
Section  6. 
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Even  though  the  plume  central  region  looked  like  a  point  source  to  the  tracker  camera,  a  low- 
intensity  trail,  extending  beyond  the  field  of  view  of  the  tracker  camera,  was  ebser/ed  in  the  tracker 
camera  during  the  Antares  smge. 

For  example,  Fig.  61  shows  a  three-dimensional  plot  of  the  superposed  image  that  results 
from  data  interval  1  during  the  Antares  bum.  The  z  axis  corresponds  to  the  plume  source  amplitude, 
in  photoevents/s,  as  a  function  of  position  over  a  64  by  64  pixel  region.  A  reduced  pseudo  color 
image  of  the  same  region  is  overlaid  on  the  upper  right-hand  comer  of  this  figure.  Notice  the 
presence  of  a  faint  trail  to  the  left  of  the  central  region.  Figure  62  is  identical  to  Fig.  61,  except  that 
the  data  vvere  clipped  to  20%  of  the  peak  amplitude  in  Fig.  61  This  was  done  to  emphasize  the 
presence  of  the  trail.  The  radiometric  values  of  the  trail  are  higher  than  the  minimum  detectable 
number  of  photoevents/second,  reported  in  Section  4.7,  for  the  tracker  camera  during  interval  1. 
Hence,  the  trail  is  believed  to  be  real.  Figures  63  -  68  show  similar  results  for  intervals  2,  3,  and  4. 

During  the  Star  27  bum.  no  extended  trail  was  observed  in  the  tracker  camera.  Notice,  from 
Figs.  69  and  70,  that  the  Star  27  peak  signal  level  on  PC-1,  interval  5,  is  about  an  order  of  magnitude 
smaller  than  the  Antares  peak  signal  level  on  PC-1,  interval  4.  On  the  other  hand,  the  minimum 
detectable  number  of  pjfiotoevcnts/s  during  interval  5  is  about  15  times  smaller  than  the 
corresponding  value  during  interval  4.  Hence,  one  can  conclude  that  during  the  Star  27  bum  no 
detectable  trail  was  observed  even  though  the  relative  sensitivity  was  better.  The  trail  was  not  observed 
in  data  intervals  6  or  7  either. 

The  trail  observed  in  the  tracker  camera  during  the  Antares  bum  is  the  same  cloud  that  the 
UVPI  tracked  after  the  Antares  burnout,  which  is  discussed  in  Section  8. 
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Fig  62  •  Clipped  tracker-camera  response  over  a  64  by  64  pixel  region,  interval  I 
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Fig.  64  -  Clipped  Uackcr-camcra  response  over  a  64  by  64  pixel  region,  interval  2 
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Fig.  69  •  Trackcr-camcr*  response  over  i  64  by  64  pixel  region,  interval  5 


Fig.  70  -  Clipped  tracker  .camera  response  over  a  64  by  64  pixel  region,  interval  5 
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5.4  Plume  Extent  and  Point  Spread  Function 

The  effective  UVPI  point  spread  function  (PSF)  is  defined  as  the  response  of  the  instrument 
to  a  point  source,  e.g.,  a  star  or  a  ground-based  beacon.  An  understanding  of  the  UVPI  plume 
camera's  PSF  is  critic^  in  establishing  the  maximum  size  of  the  observed  Antares  and  Star  27  plumes. 
Table  3 1  summarizes  the  estimated  plume  central  region  axial  length  for  each  data  interval  during  the 
Antares  bum.  The  observed  plume  length  during  the  Antares  and  Star  27  bums,  from  peak  to  50%  of 
peak,  is  about  35  m.  These  plume  len^  estimates  do  not  incorporate  corrections  for  the  aspect  angle 
or  for  the  plume  camera's  PSF.  The  plume  length  observed  during  the  Star  27  bum  is  not  shown 
because  of  the  significant  amount  of  tracking  jitter  that  took  place  during  this  bum 


Table  31  -  Observed  Axial  Length  of  Plume  Central  Region 


Interval 

Suge 

Filter 

Peak  to  50% 

Maximum 

(m) 

Peak  to  10% 
Maximum 
(m) 

_U1 

Antares 

PC-4 

35 

100 

2 

Antares 

PC-3 

38 

105 

3 

Antares 

PC-2 

35 

105 

4 

Antares 

PC-1 

35 
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Based  on  review  of  UVPI  data  from  many  observations,  one  may  conclude  that  the  plume 
camera's  PSF  depends  on  the  observation  modality,  i.e.,  downward  looking  versus  sideward  looking. 
Sideward  looking  observations  use  the  door-mounted  mirror  but  downward  looking  observations  do 
not.  The  observation  of  the  Antares  and  Star  27  plumes  did  not  use  the  door-mounted  mirror.  The 
existing  data  for  point  sources  indicate  that  the  PSF  is  less  circularly  symmetric  when  using  the  door- 
mounted  mirror.  This  could  be  the  result  of  jitter  in  the  door  mirror. 

Figure  26  shows  a  plume-camera  image  of  a  ground-based  beacon.  A  scaled  version  of  the 
plume  camera's  PSF  for  the  beacon  is  presented  in  Table  E6.  The  intensity  values  were  scaled  such 
that  the  brightest  pixel  will  map  to  1.  Figure  75  shows  a  three-dimensional  plot  of  the  PSF  that  results 
from  observation  of  the  ground-based  beacon.  For  the  ground-based  beacon,  the  axial  length  of  the 
PSF  from  peak  to  50%  of  the  peak  along  the  major  axis  is  about  20  m  at  a  range  of  450  km,  as 
shown  in  Fig.  76.  The  FWHM  is  about  40  m.  In  conjunction  with  the  discussion  in  Section  5.5,  this 
suggests  that  the  actual  axial  length  of  the  Antares  plume,  as  measured  by  peak  to  50%  of  maximum 
(in  the  data  waveband),  is  no  more  than  15  m.  This  is  in  agreement  with  CHARM  1.3  predictions  (see 
Section  5.5). 


Fig.  75  -  Plume-camera  PSF  for  g.'Ound-bascd  beacon  Fig.  76  -  Axial  profile  through  plume-camera  PSF  for 

ground-based  beacon 
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Figures  'll  through  83  show  profiles  of  the  radiance  along  the  major  axis  of  the  plume, 
measured  by  the  plume  camera,  for  each  of  the  data  intervals.  The  hiri/ontal  line  in  each  figure 
corresponds  to  the  NER  sensitivity  limit  after  image  superposition,  n  ..  evident  from  these  figures 
that,  after  image  superposition,  a  good  SNR  w;ls  achieved  for  all  filters  during  the  Antarcs  bum,  and  a 
marginal  SNR  was  achieved  during  the  Star  27  bum. 

Figure  36  shows  a  tracker-camera  image  of  a  ground-based  beacon.  A  sealed  version  of  the 
tracker  camera's  PSF  for  the  beacon  is  prc.scntcd  in  Table  E7.  The  intensity  values  were  sealed  such 
that  the  brightest  pixel  will  map  to  1.  Figure  8-5  shows  a  three-dimensional  ploi  of  the  PSF  that  results 
from  observation  of  the  ground-based  beacon,  and  Fig.  85  is  an  axial  profile  of  the  beacon  as  seen 
by  the  tracker  camera. 
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Fig.  77  Axial  ptonic  along  plume  central  region  for  data  interval  1,  plume  camera 
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Fig.  78  -  Axial  profile  along  plume  central  region  for  data  interval  2,  plume  camera 
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Fig.  79  -  Axial  profile  along  plume  central  region  for  data  interval  3,  plume  camera 
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Fig.  84  •  Tracker-camera  PSF  for  ground-based  beacon 


Fig.  85  -  Axial  pronie  through  tracker-camera  PSF  for 
ground-based  beacon 


S.S  Comparison  of  Results  to  CHARM  1 J  Predictions 

This  subsection  compares  the  UVPI  measurements  to  the  predictions  provided  by  a 
theoretical  plume  model.  The  Institute  for  Defense  Analyses  (IDA)  generated  a  num^r  of  CHARM 
1.3  runs  in  which  both  the  Antarcs  and  Star  27  stages  were  modeled  [10,15],  using  each  of  the  UVPl's 
plume-camera  filter  bandpasses.  The  following  parameters  were  common  to  all  the  runs: 


Model: 

Object  modeled; 
Aspect: 

Horizontal  resolution: 
Vertical  resolution: 


CHARM  1.3 
Intrinsic  core 
90* 

5.0  m 
5.0  m 


In  all  of  IDA'S  runs,  a  5  by  5-m  pixel  resolution  was  used.  To  get  a  comparison  between  the 
CHARM  1.3  predictions  and  the  UVPI  measurement,  the  CHARM  1.3  predictions  were  convolved 
with  an  estimate  of  the  UVPl's  PSF.  A  normalized  version  of  the  ground  beacon  image.  Frame  12778, 
Orbit  1 173,  was  used  as  the  best  UVPI  plume-camera  PSF  estimate. 

Figures  86  and  87  show  an  example  of  the  CHARM  1.3  prediction  convolved  with  the  UVPI 
point  spread  function  (PSI^.  Tlie  left  image  in  Fig.  86  shows  a  false-color  CHARM  1.3  image 
prediction  with  5-m  resolution  for  the  Antares  stage,  assuming  it  is  being  observed  with  PC-4.  The 
right  image  shows  the  same  CHARM  1.3  prediction,  except  that  it  is  convolved  with  the  UVPI  point 
spread  function.  Figure  87  is  the  corresponding  contour  plot  for  the  image  prediction,  again 
assuming  UVPI  PC-4  and  convolution  with  UVPI  PSF.  The  CHARM  1.3  Antarcs  plume  predictions 
and  contour  plots  for  the  other  UVFi  filter  positions,  as  well  as  tlioss  for  the  Star  27  stage,  are 
qualitatively  similar  to  those  shown  in  Figs.  86  and  87. 

For  each  of  the  seven  data  intervals.  Figs.  88  through  94  show:  the  CHARM  1.3  high- 
resolution  prediction  of  the  plume  radiance  as  a  function  of  axial  distance;  the  CHARM  1.3 
prediction  convolved  with  the  UVPI  plume  camera  PSF;  and  a  horizontal  line  depicting  the  noise 
equivalent  radiance  (NER)  of  the  plume  camera.  For  the  Antares  stage,  intervals  1  through  4,  the  data 
interval  NER,  i.c.,  tlw  NI^  obtained  after  image  superposuion,  is  too  low  to  appear  on  the  graph.  For 
the  Star  27  stage,  the  predicted  plume  signal  is  marginally  over  the  data  inter'al  NER  and  well  below 
the  single-image  NER.  This  explains  the  spatially  nonhomogeneous  aspect  of  the  processed  images 
for  the  Star  27  stage. 
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Fig.  86  -  High-resolution  and  PSF-convolved  CHARM  1.3  image  prediction  of  UVPI's  Antares  observation  using  PC -4 
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Fig.  87  -  PSF  convolved  CHARM  1.3  contour  j-lot  prediction  of  UVPI's  Antares  observation  using  PC -4 
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Axiil  Disttnce  (meters) 

94  •  CHARM  U  predicted  axitl  profile  alon^  plume  for  dm  interval  7,  plume  camera 


An  effect  of  the  UVPI  PSF  is  to  reduce  the  peak  signal  level.  Based  on  the  prediction  shown 
in  Fig.  88,  one  may  note  that  even  after  introducing  the  effect  of  the  UVPI  PSF,  a  single  image  in 
interval  1,  using  PC-4,  could  provide  a  strong  signal  well  above  the  UVPI  radiometric  sensitivity.  This 
is  in  strong  agreement  with  the  observation.  On  the  other  hand,  tlic  single-image  radiance  in  interval 
2,  PC-3,  would  be  below  UVPI's  radiometric  sensitivity  level.  However,  since  more  than  200  images 
were  averaged  in  interval  2,  the  effective  sensitivity  was  lowered  to  the  point  where  high  SNR  per  pixel 
was  achieved.  Table  32  provides  a  qualitative  estimate,  based  on  CHARM  1.3  and  convolution  with 
the  UVPI  PSF,  of  the  data  quality  in  each  interval. 


Dau  Interval 


Table  32  -  Strypi  Data  (Quality  Estimate 


Single  Image 

Good  (above  NER) 
Poor  (below  NER) 
Marginal 
Marginal 
Very  poor 
Very  poor 
Very  poor 


Superposed  Images 


SNR  Comment 


Excellent _ High _ 

_ Good _ Good  after  processing 

_ Good _ Good  after  processing 

Good  Good  after  processing 

Marginally  useful  Marginal  after  processing 

_ Useful _ Marginal  after  processing 

Marginally  useful  Marginal  after  processing 


The  close  agreement  between  data  quality  estimates  and  the  observations  suggests  that  the 
high-resolution  CHARM  1.3  predictions  and  the  UVPI  sensor  characterization  infonnation  can  be 
used  in  planning  an  observation  to  guarantee  adequate  SNR. 

The  peak  radiances  and  the  plume  lengths  for  the  CHARM  1.3  image  predictions  are  listed  in 
I'ables  33  and  34.  These  tables  list  computed  results  for  both  the  Antares  and  Star  27  stages  and  for 
UVPI  filters  used  for  the  observation  of  these  stages. 

In  Table  34  measured  plume  lengths  arc  not  reported  for  the  Star  27  stage.  A  reliable 
estimate  of  the  plume  length  of  the  Star  27  could  not  be  made  because  of  inadequate  tracking  and 
signal  level  during  its  bum.  However,  one  may  observe  that  the  predicted  CHARM  1.3  plume  length 
is  itidependent  of  the  spectral  band  being  modeled.  The  resulting  CHARM  i.3  predicted  length 
modifi^  by  UVPI's  PSF  for  the  Antares  stage  is  in  good  agreement  with  the  observed  Antares  plume 
length. 
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Table  33  -  Peak  Radiance  Comparison 


Interval 

Stage 

Filter 

CHARM  U 
@  S-m 
Reaolution 

Peak  Radiance 
OiW/ar-cm*) 

CHARM  13 
Convolved 

Peak  Radiance 
(liW/ar-cm^) 

uvn 

Meanired 

Peak  Radiance 
OiW/ar-cm^) 

Antarea 

Pci" 

61.50 

6.3 

2.99 

2 

Antares 

PC-3 

5.28 

0.52 

0.92 

3 

Antaret 

PC-2 

11.98 

1.3 

0.69 

4 

Antarea 

PC-1 

18.9 

2.0 

2.72 

5 

Star  27 

PC-1 

2.21 

0.36 

— 

6 

Star  27 

PC-2 

1.42 

0.73 

O.IS 

7 

Star  27 

PC-3 

0.583 

0.09 

— 

Table  34  -  Comparison  of  Measured  to  Predicted  Plume  Length 


Plume  Length  (m) 

Peak  to  50%  and  Pr^ak  to  10% 

Interval 

Stage 

Filter 

CHARM  13 
@5-in 
Reaolution 

CHARM  13 
Uaing  UVPrs 

PSF 

irvpi 

Meaaured 

50% 

10% 

50% 

10% 

50% 

10% 

1 

Antarea 

PC-4 

8.5 

63 

52 

no 

35 

100 

2 

Antarea 

PC-3 

8.5 

63 

52 

no 

38 

105 

3 

Antarea 

PC.2 

8.5 

63 

52 

no 

35 

105 

4 

Antarea 

PC-1 

8.5 

63 

52 

no 

35 

93 

5 

Star  27 

PC-l 

30 

78 

44 

100 

— 

— 

6 

Star  27 

PC-2 

30 

78 

44 

100 

— 

— 

7 

Star  27 

PC-3 

30 

78 

44 

100 

— 

— 

The  data  for  interval  6  and  the  false-color  image  of  the  plume  imply  a  compact  plume  of 
approximately  IS  m  from  peak  to  50%  of  maximum.  This  is  smaller  than  the  point  spread  function 
of  the  plume  camera,  lliis  result  can  be  explained  by  comparing  the  detecubility  threshold  with  the 
CHARM  1.3  prediction  of  axial  length. 

Figure  93  shows:  the  CHARM  1.3  hi^-resolution  prediction  of  the  plume  intensity  as  a 
function  of  axial  distance;  the  CHARM  1.3  prediction  convolved  with  the  UVPI  plume  camera  point 
spread  function;  and  a  horizontal  line  at  the  noise-equivalent  radiance  based  on  the  superposed 
images.  Only  a  small  portion  of  the  plume  is  above  the  detectability  threshold  because  of  the  low 
signal  level;  therefore,  the  measured  plume  length  is  reduced. 

6.0  TEMPORAL  FEATURES 

This  section  presents  calibrated  photoevents  per  image  and  radiant  intensity  values  for  each  of 
the  seven  data  intervals  selected.  The  calibration  procedure  used  is  described  in  Section  4.2.  The 
conversion  to  radiant  intensity  is  performed  by  using  a  reference  emission  spectrum  for  incandescent 
alumina  particles  that  is  typical  of  the  emission  spectrum  produced  by  solid-fuel  rocket  motors 
containing  ammonium  perchlorate/aluminum.  The  latter  is  similar  to  the  model  used  in  the  CHARM 
1.3  code.  The  bandpasses  of  each  of  the  plume  camera  filters  are  also  shown  in  Appendix  B.  Section 
6.1  presents  the  plume  camera  observations,  and  6.2  presents  the  tracker-camera  observations. 
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As  a  quick  overview,  Figs.  95  and  96  show  plume-camera  long-term  trends  in  the  central 
region  spectral  radiant  intensity  for  the  Antares  and  Star  27  stages,  respectively.  The  values  plotted 
were  derived  by  assuming  the  reference  spectral  shape.  Figures  97  and  98  show  similar  results  for  the 
tracker  camera’s  Antares  and  Star  27  observations,  respectively.  In  Figs.  97  and  98,  each  inter,'al 
shows  two  curves,  one  assuming  a  reference  spectral  shape  and  the  other  assuming  a  flat  spectral 
shape.  Although  the  actual  spccti^  shapw  is  certainly  variable  over  the  19  by  19  pixel  region  reported 
for  the  tracker  camera,  one  can  assume  that  the  mean  spectral  radiant  intensity  falls  somewhere  in  the 
range  spanned  by  the  two  curves.  Notice  that  the  tracker-camera  mean  changes  from  interval  to 
interval.  Consequently,  part  of  the  difference  among  measurements  taken  with  the  four  filters  of  the 
plume  camera  is  attributable  to  long-term  temporal  variations  rather  than  to  spectral  differences. 


Frame  Number  Frama  Number 


Fig.  95  -  Mean  central  region  spectral  radiant  mtemit>’.  Fig.  96  -  Mean  central  region  spectral  radiant  intensity, 
plume  camera,  Antares  stage  plume  camera.  Star  27  stage 


Frame  Number  Number 


Fig.  97  -  Mean  spectral  radiant  inteniity,  tracker  camera,  ^8-  98  -  Mean  spectral  radiant  intensity,  tracker  camera, 
Antares  suge  Star  27  suge 


Figures  99  and  100  show  outer  region  results  for  the  Antares  and  Star  27  stages,  respectively. 
The  curves  shown  for  each  interval  correspond  to  two  spectral  shape  assumptions:  fiat  and  reference. 
Although  the  actual  sjwctral  shape  of  outer  region  emissions  is  not  Icnown,  it  can  be  assumed  that  the 
actual  spectral  radiant  intensity  falls  somewhere  in  the  range  spanned  oy  the  two  curves.  Note  that,  in 
general,  the  centroid  wavelength  at  which  spectral  radiant  intensity  is  normally  reported  depends  on 


132 


H.W.  Smothers  es  al. 


the  spiectral  shape  assumption  made.  For  these  figures,  all  curves  specify  spectral  radiant  intensity  at 
the  reference  centroid  wavelength  for  each  interv^. 


10500  11000  11500 


Frame  Number 

Fig.  99  -  Mean  outer  region  spectral  radiant  intensity,  plume 
camera,  Antares  stage 

6.1  Plume  Camera  Radiant  Litensity  Plots 


Frame  Number 


Fig.  100  •  Mean  outer  region  spectral  radiant  intensity, 
plume  camera.  Star  27  stage 


This  section  presents  the  number  of  photoevents  observed  in  the  plume  camera  for  each 
image  of  the  seven  analyzed  data  intervals.  Table  35  lists  the  figures  contained  in  this  section.  For 
intervals  1  through  4.  in  addition  to  the  total  number  of  photoevents  per  image,  there  are  plots  of  the 
number  of  photoevents  per  image  in  the  central  and  outer  regions.  The  poor  quality  of  the  Star  27 
tracking  did  not  allow  separation  into  central  and  outer  regions  for  the  Star  27  stage  images. 


Table  35  •  Radiant  Intensity  Figures 


Interval 

Suge 

Total 

Central 

Region 

Outer 

Region 

1 

Antcres 

Mimnini 

101 

102 

2 

Antires 

103 

104 

105 

3 

Antares 

106 

107 

108 

4 

Antares 

109 

110 

111 

5 

Star  27 

112 

— 

— 

6 

Star  27 

113 

- 

— 

7 

Star  27 

114 

— 

— 

1 

The  plume  central  region  figures  also  report  radiant  intensity  that  is  calculated  by  using  a 
reference  source  spectral  shape.  Because  of  the  difficulty  of  selecting  an  accurate  source  spectral 
shape  for  the  outer  region,  the  conversion  of  photoevents  to  radiant  intensity  was  carried  out  for  the 
outer  region  component  by  using  two  different  spectral  shapes.  The  values  are  reported  in  Tables  36 
and  37  ^t  are  not  includ^  in  the  figures.  1 

1 

The  separation  into  plume  central  and  outer  regiont;  is  described  in  Section  5.1.  During  the 
telemetry  frame  ranges  depicted  in  each  plot,  the  plume-tb-tracker  image  ratio  was  primarily  8:2. 
Consequently,  the  plots  show  repeated  groups  that  consist  of  eight  consecutive  plume-camera  images 
follow^  by  a  gap  where  the  two  tracker-camera  images  occurred. 

In  addition  to  the  intensities,  the  figures  include;  the  estimated  local  mean,  which  is  a  running 
average  of  the  intensity,  and  a  threshold  of  3.1  standard  deviations  above  the  local  mean,  wliich  flags 
intensity  values  that  are  highly  unlikely  (probability  less  than  0.(X)1)  based  on  local  statistics.  The 
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outer  region  plots,  which  are  computed  as  the  difference  between  the  total  and  the  central  region,  do 
not  have  the  threshold.  The  local  statistics  are  computed  by  using  a  running  window  of  15  frames  for 
plume-camera  data.  A  more  complete  discussion  of  the  computations  of  local  statistics  is  contained  in 
Section  4.6. 

Figures  101  through  115  convey  information  useful  for; 

•  indexing  those  frames  or  times  at  which  a  si^ificanl  statistical  deviation  in  the 
intensity  is  observed,  based  on  the  local  statistics; 

•  obtaining  a  1:1  comparison  between  number  of  photoevents/image  and 
V//srAmage  under  the  assumption  of  a  reference  model;  and 

•  showing  the  intensity  variation  over  both  the  plume  central  region  and  the 
plume  outer  region. 


10S3S  10538  10641  10544  10547  10550 

Tticnwnr  Fnmt  Number 

Fig.  101  •  Anuu«s,  plume  camera,  total  intetuity 
for  interval  1 


10535  10538  10541  10544  10547  10550 
Telwneiry  Frame  Number 

Fig.  102  •  Antares,  plume  camera,  central  region  intensity 
for  interval  1 


Local  Mean 
Local  Threshol 


10535  10538  10541  10544  10547  10550 

Telemciry  Frame  Number 

Fig.  103  -  Antares,  plume  camera,  outer  region  intensity  for 
interval  1 


10650  10717  10784  10851  10 

Talemetry  Frame  Number 

Fig.  104  -  Antares,  plume  camera,  total  intensity 
for  interval  2 
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I 


Talamatry  Fmm^  Numbar 


Fig.  lOS  -  Antares,  plume  camera,  central  region  intensity 
'iir  interval  2 


Tatamany  Frama  Numbar 


Fig.  107  -  Antares,  plume  camera,  total  intensity 
for  interval  3 


Talematry  Frama  Numbar 


TMamatry  Frama  Numbar 


Fig.  106  -  Antares,  plume  camera,  outer  region  intensity 
for  interval  2 


Talamatry  Frama  Numbar 


Fig.  108  •  Antares,  plume  camera,  central  region  intensity 
for  interval  3 


11260  11315  11350  11385  11420 

Talamatty  Frama  Numbar 


Fig.  109  -  Antares,  plume  camera,  outer  region  intensity 
for  interval  3 


Fig.  110  •  Antares,  plume  camera,  total  intensity 
for  interval  4 


Number  o(  Pbotoovents/lmag* 


LACEIUVPI:  Strypi 


135 


J160 

f  ‘  —  s  •!'* 

|i2o  :  K'j  r-,..r'"rv 

I  :  I.  I-*-'  .1  Li  J  .1  I 


I "  I  I 


Slilffilttr 

llii  i  si  ilililil  Jl'j  1*1  »fc 


140 
i  120 

I  100 

c 

I  80 

I  60 

I  40 

E 

i  on 


LDoalUMn 


Il’PI 


TMfTMiry  Fram*  NumtMf 


Fig.  1 1 1  -  AnUrcs,  pli:ine  cvnert,  central  region  intensity 
for  interval  4 


13140  13160  13160  13200  13220  13240 

T«l»m«lry  Frame  Number 

Fig.  113  ■  Star  27,  plume  camera,  total  intensity  for 
interval  3 


Telemetry  Frame  Number 

Fig.  112  -  Antares,  plume  camera,  outer  region  intensity  for 
interval  4 
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13480  13510  13540  13570  136 

Tetematry  Frame  Number 

Fig.  1 14  -  Star  27,  plume  camera  total  intensity  for 
interval  6 
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Fig.  115  -  Star  27,  plume  camera  total  intensity  for  interval  7 
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The  first  data  interval,  depicted  by  Figs.  101  through  103,  did  not  have  enough  sample  points 
to  compute  the  local  mean  as  a  faction  of  frame  number. 

Figure  104  shows  two  instances  in  which  the  measured  number  of  photoevents  exceeds  the 
local  mean  by  more  than  3.1  standard  deviations.  The  probability  of  such  an  event  is  less  than  0.001. 
Therefore,  all  instances  in  which  the  measured  number  of  photoevents  exceeded  the  threshold  were 
investigated  in  great  detail.  No  reason  was  found  to  disregard  any  of  these  data  points. 

Tables  36  and  37  summarize  the  average  radiant  intensities  (ARI)  for  the  plume-camera 
observations  over  the  seven  data  intervals.  The  central  region  average  radiant  intensity  reported  for 
each  of  the  data  intervals  is  based  on  the  reference  spectral  energy  distribution  assumption.  It 
represents  the  average  of  all  images  in  the  interval.  The  outer  region  ARI  values  reported  in  Table  36 
are  based  on  the  reference  spectral  energy  distribution  assumption:  the  outer  region  ARI  values 
reported  in  Table  37  are  based  on  the  flat  spectral  energy  distribution.  Table  36  includes  reference 
spectrum  predictions  of  ARI  for  the  sake  of  completeness.  How  to  compare  the  predictions  to  the 
experimentally  determined  values  is  not  obvious  because  of  different  fie’ds  of  view  and  complexities 
with  regard  to  central  and  outer  region  mechanisms.  Values  of  total  spectral  radiant  intensity  were 
not  computed  for  Table  37,  where  the  central  and  outer  regions  are  analyzed  by  using  different 
spectral  shapes.  For  Star  27,  no  values  are  reported  because  a  flat  spectral  assumption  for  the  central 
region  is  completely  unjustified.  The  totals  are  computed  as  the  sum  of  cenual  and  outer  region. 


Table  36  -  Summary  of  Plume  Camera  Average  Radiant  Intensities  Using  Reference  Spectral  Response 


Measured  ARI* 

Measured  ASRl** 

Reference 

Model 

Interval 

Filter 

Band 

(nm) 

Central 

Region 

ARI 

(W/ir) 

Outer 

Region 

ARI 

(W/ir) 

Total 

(W/sr) 

X  Centroid 
Wavelength 
(nm) 

Total  Spectral 
Radiant 
Intensity 
(W/ir-pm) 

Predicted 

ARI 

(W/sr) 

1 

^  235-350 

48.2 

34.9 

83.1 

305 

787 

226.6 

2 

PC-3 

195-295 

19.4 

17.5 

36.9 

265 

353 

17.4 

3 

PC-2 

300-320 

13.9 

18.5 

32.4 

310 

1588 

45.0 

4 

PC-1 

220-320 

35.4 

35.7 

91.1 

280 

607 

66.7 

3 

PC-1 

220-320 

— 

— 

14.2 

280 

95.9 

11.4 

6 

PC-2 

300-320 

— 

— 

4.59 

310 

225 

7.5 

7 

PC-3 

195-295 

— 

— 

12.9 

265 

123 

2.9 

*  ARI  -  Average  radianc  iiuenaity 
**ASR1  •  Average  spectral  radiant  intensity 


Table  37  -  Summary  of  Plume  Camera  Average  Radiant  Intensities 
Using  Flat  Spectral  Response  for  the  Cuter  Region 


Measured  ARI*  | 

Interval 

Filter 

Band 

(nm) 

Central 

Region 

ARIt 

(W/sr) 

Outer 

Region 

ARI 

(W/sr) 

Total 

(W/sr) 

1 

PC-4 

235-350 

48.2 

22.0 

70.2 

2 

PC-3 

195-295 

19.4 

9.09 

28.5 

3 

PC-2 

300-320 

13.9 

17.6 

31.5 

4 

PC-1 

220-320 

55.4 

16.6 

72.0 

*  ARI  -  Average  radiant  intensity 

t  Central  regicn  calculation  assumes  reference  spectral  response 
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Recall  that  the  quoted  central  region  radiant  intensity  values  during  the  Star  27  stage  are 
questionable  because  of  the  tracking  performance. 

When  operating  in  the  zoom  image  transmission  rate,  each  telemetry'  frame  contains  one 

image. 

6.2  Tracker  Camera  Intensity  Plots 

Figures  1 16  through  122  present  total  photoevents  per  image  for  the  seven  data  intervals 
analyzed  ’hroughout  this  reprrt.  The  figures  in  this  section  are  based  on  a  19  oy  19  pixel  section  of 
the  tracker  camera,  wmen  corresponds  approximately  to  the  total  field  of  view  of  the  plume  camera. 
This  field  of  view  contains  plume  cent^  region  and  a  portion  of  the  outer  region  and,  therefore, 
cannot  reliably  be  converted  to  radiant  intensity.  However,  to  provide  an  estimate  of  the  average 
radiant  intensity,  values  based  on  reference  spectral  energy  distribution  assumptions  are  reported  in 
Table  38  for  the  tracker-camera  observations.  These  results  have  been  reduced  by  16.3%  to  account 
for  red  leakage  in  the  tracker-camera  filter. 

Figures  116  through  122  are  primarily  intended  to  show  image-to-image  variations  in  the 
number  of  photoevents  per  image.  Although  temporal  increases  and  decreases  in  tlic  mean  number 
of  photoevents  per  image  are  evident  in  the  figures,  these  trends  are  shown  much  more  clearly  in 
Figs.  97  and  98. 
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Fig.  118  -  Antarcs,  tracker  camera  total  intensity  for 
interval  3 
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Fig.  117  -  Antares.  tracker  camera  total  intensity  for 
interval  2 
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Fig.  119  -  Antarej.  tracker  camera  total  intensity  for 
interval  4 
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Fig.  122  •  Star  27,  tracker  camera  total  intensity  for  interval  7 


Table  38  -  Summary  of  Tracker-Camera  Average  Radiant  Intensities 


Interval 


Stage 

Filter 

Band 

(nm) 

ARI*  in 

19  X  19  Fuel 
Region  (W/sr) 

ASRI**  in  19  x  19 
Pixel  Region 
@  390  nm  (W/sr-iim) 

Anurcf 

1  ^ 

155-450  103  1340 

Anurei 

PC-3 

255-450 

504 

4020 

Anurei 

FC-2 

255-450 

532 

4240 

\DUres 

PC-1 

255-450 

371 

2960 

255^50  1  SST  j  m 

StarZ7 

PC-2 

255-450 

61.4 

490 

Star  27 

PC-3 

255-450 

55.2 

440 

•  Average  rat* 'ant  intensity 
••  Average  rpectral  rad'snt  intensity 

The  separation  into  plume  central  region  and  outer  region  is  described  in  Section  5.1.  For  the 
telemetry  frame  ranges  depicted  in  each  plot,  the  plume-to-tracker  image  ratio  was  primarily  8:2. 
Consequently,  the  plots  show  repeated  groups  consisting  of  two  consecutive  tracker-camera  images 
followed  by  a  gap  where  the  eight  plume-camera  images  occurred. 
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In  addition  to  the  inteasiries,  the  figures  include;  the  estimated  local  mean,  which  is  a  running 
average  of  the  intensity,  and  a  threshold  of  3.1  standard  deviations  above  the  local  mean,  which  flags 
intensity  values  that  are  highly  unlikely  (probability  less  tfian  .001)  based  on  the  local  statistics.  The 
local  statistics  arc  computed  by  using  a  ninning  window  of  9  frames  for  tracker  camera  data.  A  more 
complete  discission  of  the  computations  of  local  statistics  is  contained  in  Section  4.6.  The  greater 
than  3.1  standard  deviation  events  appear  uncorrelated  between  the  plume  and  tracker  cameras, 
suggesting  that  if  they  represent  real  events  tliey  last  less  than  '/30th  of  a  second. 


“7.0  SPECTRAL  ANALYSIS  OF  PLLTVIFS 

This  section  presents  the  spectral  analysis  of  the  total  emission  from  the  plume  central  region 
and  from  the  outer  region.  As  discussed  in  Section  2,  the  UVPI  plume  and  tracker  cameras  observed 
the  Antares  and  Star  27  stages  at  a  range  of  approximately  500  km  by  using  a  sequence  of 
bandpasses.  The  figures  and  tables  in  this  section  show,  the  computed  spectral  radiant  intensity  in 
W/sr-iim  of  the  plume  central  region  of  the  Antares  stage  and  the  spicctral  radiant  intensity  measured 
over  the  entire  plume-camera  field  of  view  for  both  the  Antares  and  Star  27  stages.  The  results  from 
the  UVPI  observations  of  the  central  region  of  the  Antares  plume  show  that  the  ratio  of  the  spectral 
radiant  intensity  at  the  longer  wa.’e'engths,  relative  to  the  spectral  radiant  intensity  at  the  shorter 
wavelengths,  is  smaller  than  predicted  by  the  reference  spectrum.  The  result:  fer  the  entire  plume- 
camera  field  of  view  for  both  stages  show  a  similar  relative  deficit  at  the  longer  wavelengths. 

7.1  Observed  Spectral  Radiant  Intensities 

The  conversion  of  the  plume  and  tracker  camera  data  to  radiometric  values  requires  the 
assumption  of  a  source  spectrum,  as  described  in  Section  4.2.  The  reference  spectral  shape  has  been 
used  in  the  analysis  of  the  camera  data  presented  in  this  section.  The  wavelength  for  which  the 
spectral  radiant  intern  ity  is  reported  for  each  filter  bandpass  is  the  centroid  wavelength  when  the 
assumed  source  spectrum  is  convolved  with  the  UVPI  net  quantum  efficiency  function,  as  described 
in  Section  4.2. 

7.1.1  Antares  Observation 

The  plume  camera  observations  of  the  Antares  stage  were  made  between  162  and  ’91  s  after 
liftoff.  The  range  from  UVPI  to  the  rocket  was  between  452  and  496  km  over  this  time  period.  The 
spectral  radiant  intensities  of  the  plume  central  region,  as  measured  by  UVPI  in  the  plume-camera 
bands,  are  plotted  in  Fig.  123.  In  addition.  Fig.  123  shows  the  reference  spectral  shape,  scaled 
aibitrarily  to  pass  through  the  data  points,  and  for  comparison  shows  a  blackbody  spectrum  chosen  to 
coincide  with  the  reference  spectral  shape  at  short  wavelengths.  The  data  and  scaled  reference  based 
values  are'listed  in  Table  39. 
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Fig.  123  -  Measured  spectra]  radiant  intensity  for  the  Antares  central  region 
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Table  39  -  Measured  and  Scaled  Spectral  Radiant  Intensity  in  Units  of  W/sr-pm  for  Antarcs 


Wavelength 
_ (nm) 

1  Filter 

Obaerved 
Central  Region 

1  Plume-Camera 

I  Field  of  View 

Scaled  Reference 
Comparison 

265 

1.86  X  102 

3.53  X  102 

1  7.64  X  10> 

280 

PC-1 

3.69  X  102 

6.07  X  102 

2.06  R  102 

305 

PC-4 

4.56  X  102 

7.87  X  102 

8.00  X  102 

310 

PC-2 

6.81  X  102 

1.59  X  102 

9.84  X  102 

390 

TC 

339  X  103 

4.63  X  103 

figure  123  shows  that  the  ratio  of  the  spectral  radiant  intensity  measured  by  UVPI  for  the 
Antares  central  region  at  the  shorter  wavelengths,  relative  to  that  at  the  longer  wavelengths,  is  larger 
than  predicted  by  the  reference  spectral  shape,  liie  relative  intensity  increase  for  the  265-  and  280- 
nm  data  points  is  a  factor  of  three  to  five,  well  beyond  the  instiument  uncertainty. 

The  spectral  radiant  intensity  measured  by  UVPI  over  the  entire  plume  camera  field  of  view  is 
shown  in  Fig.  124.  These  measurements  were  made  by  the  plume  camera  operating  in  the  plume- 
camera  bands  and  by  the  tracker  camera.  Note  that  the  tracker  camera  pixels  analyzed  in  this  section 
correspond  to  the  fidl  field  of  view  of  the  plume  camera.  Figure  124  also  shows  the  same  reference 
spectral  shape  and  blackbody  spectrum  use<'  in  Fig.  123.  The  dau  and  scaled  reference  based  values 
are  listed  in  Table  40. 
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Fi,.  124  •  Measured  ipectnl  radiant  intensity  for 
the  plume  camera  field  of  view  for  Antires 


Figure  124  shows  that  the  reference  spectral  shape  is  in  good  agreement  with  the  305  to  390- 
nm  trend.  It  also  shows  that  the  reference  model  predicts  a  more  rapid  decrease  with  decreasing 
wavelength  below  300  run  than  the  dau  show.  These  results  are  similar  to  those  found  for  the  Anures 
plume  central  region  analysis. 

7.1.2  Star  27  Observation 

The  third  sugc  of  Strypi.  a  Star  27  rocket  motor,  was  also  observed  by  the  plume  and  tracker 
cameras.  In  the  plume  camera,  only  filters  PC-1,  PC-2,  and  PC-3  were  used  for  the  observation.  These 
observations  were  made  between  249  and  275  s  after  liftoff,  during  which  time  the  range  to  the  Sur 
27  was  between  495  and  549  km.  The  spectral  radiant  intensities  of  the  total  field  of  view  of  the 
plume  camera  were  measured  by  UVPI.  aiwl  these  results  are  presented  in  Fig.  125.  Figure  125  also 
shows  the  reference  spectral  shape  and  a  blackbody  spectrum  chosen  to  coincide  with  the  reference 
prediction  at  short  wavelengths.  The  dau  and  reference  based  values  are  in  Table  40.  Note  that  values 
for  the  plume  central  region  alone  are  not  given  for  the  Star  27  stage  because  of  the  relatively  poor 
tracking  of  this  suge. 

As  in  the  Anures  stage,  the  spectral  radiant  intensities  computed  from  the  UVPI  Sur  27  dau 
show  an  excess  at  the  shorter  wavelengths,  relative  to  the  longer  wavelengths,  than  predicted  by  the 
reference  spectnun. 
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Table  40  -  Measured  and  Sealed  Spectral  Radiant  Intensity  in  Units  of  W/sr  pm  for  Star  27 
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Fig.  12S  •  Measured  spectral  radiant  intensity  for 
the  plume  camera  Held  uf  view  for  Star  27 

7.2  Discussion 

The  reference  model  hypothesizes  that  the  principal  source  of  UV  radiation  is  thermal 
emission  from  alumina  particles  at  the  fusion  temperature  of  alumina,  2320  K.  The  spectral  shape 
departs  from  that  of  a  blackbody  because  of  the  decreasing  effective  emissivity  of  the  particles  with 
increasing  wavelength.  No  obvious  modification  to  this  model  will  yield  the  UV  enhancement  evident 
in  the  UVPI  data.  A  plausible  hypothesis  is  that  an  additional  emission  mechanism  is  producing  the 
excess  UV  emission.  Spectral  line  emission  by  exhaust  gases  and  by  the  mesospheric  atmosphere 
disturbed  by  the  rocket,  c.g.,  NOy  bands  are  possible  sources. 

8.0  TRAILING  CLOUD  OBSERVATIONS 

8.1  Initial  Transient 

Just  prior  to  Antares  ignition,  the  UVPI  gimbals  were  directed  in  a  scan  pattern  designed  to 
compensate  for  uncertainties  in  the  Antares  trajecioiy.  At  Antares  ignition,  the  Antares  rocket  plume 
was  on  the  edge  of  the  tracker  camera's  field  of  view.  In  addition.  Fig.  126  shows  that  the  target  was 
extremely  large.  Poor  tracking  occurred  until  about  158  s  when  the  target  reduced  to  a  reasonable 
size  in  the  tracker  camera's  focal  plane.  Ground-based  cameras  tracking  the  Antares  ignition  showed 
a  huge  cloud  expelled  from  the  Antares  nozzle.  Initial  UVPI  tracking  locked  onto  this  cloud. 
However,  since  the  tracker  was  in  the  Mass  and  Intensity  Centroid  mode,  the  bright  signal  of  the 
rocket  plume  near  the  engine  nozzle  dominated  the  tracking  centroid  after  the  cloud  began  to 
dissipate. 

8.1.1  Size  and  Radiometrics  of  Initial  Cloud 

Figure  127  shows  a  tracker  camera  image  of  the  initial  cloud  at  158.9  s.  The  cloud  is  at  a 
range  of  496  km  and  is  approximately  3  x  10®  m2  in  projected  area.  For  comparison,  the  plume 
central  region  has  a  projected  area  of  approximately  5.4  x  KP  m2.  By  using  the  reference  spectral 
shape  assumption,  the  apparent  peak  radiance  (that  measured  at  the  brightest  pixel  in  the  tracker- 
camera  cloud  image)  is  calculated  to  be  2.3  x  10-8  W/sr-cm2.  The  cloud  radiance  in  the  plume 
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camera  PC-4  passband  is  well  below  the  single-frame  noise-equivalent  radiance  of  2.3  x  10-6  W/sr- 
cm2. 
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Fig.  126  •  X  target  and  Y  target  size  during  the  Antarea  bum 
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8.2  Antares  Cloud  Trail 

During  the  Antares  bum,  a  large  trailing  cloud  formed  behind  the  rocket.  Figure  128  is  a 
sequence  of  images  of  this  trailing  cloud  as  seen  by  the  tracker  camera.  The  top  image  was  made 
immediately  after  the  Antares  burned  out.  Initially,  the  tracker  locked  onto  the  tip  of  the  cloud  for  2 
to  3  s.  Then  the  tracking  centroid  shifted  to  the  point  shown  by  a  cross  within  a  circle.  Note  that  it  is 
biased  to  the  left  side  of  the  camera's  focal  plane.  The  middle  image  shows  how  the  cloud  looked  to 
the  tracker  camera  pointed  toward  the  midpoint  of  the  cloud.  Again,  the  centroid  is  biased  to  the  left. 
The  bottom  image  shows  the  end  of  the  Antares  cloud  trail,  which  corresponds  to  the  ignition  point 
of  the  Antares  motor.  The  tracker  continued  to  track  this  spot  until  commanded  to  point  for  the  Star 
27  ignition. 


Relative  Frame  Coordinates 

Fig.  128  -  Tricker  camcri  iincges  of  Aniaies  cloud  trail 


8.2.1  Size  and  Radiometrics  of  the  Cloud  Trail 

Figure  129  is  a  pseudocolor  mosaic  of  three  tracker  camera  images,  11565,  11757,  and 
11799,  close  in  time  to  the  tliree  shown  in  Fig.  128.  Figure  130  shows  a  profile  generated  by 
summing  along  columns  using  the  same  three  images.  This  profile  shows  that  during  the  6.4  s 
between  acquisition  of  images  11565  and  11757,  the  radiant  intensity  of  the  cloud  segment  shown  in 
11565  dropped  by  approximately  a  factor  of  two,  suggesting  rapid  cooling.  This  temporal  change  in 
r^iant  intensity  is  not  reflected  in  the  mosaic  because  the  three  images  were  scaled  to  approximately 
match  each  other  at  the  toundaries  in  the  pseudocolor  representation. 
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By  using  absolute  pcsiiion  vectors  for  the  Antares  ignition  and  burnout,  the  cloud  length  is 
calculated  to  be  approximately  42.9  km.  Based  on  an  analysis  of  UVPl  gimbal  angles,  it  is  clear  that 
the  end  of  the  cloud  trail  shown  in  die  mosaic  is;  at  the  sxtic  position  as  the  initial  cloud  discus.scd  in 
Section  8.1,  and  has  grown  to  approximately  16  times  tlie  projected  area  of  the  initial  cloud.  The 
brightest  portion  of  the  cloud  trail  at  the  time  of  tracker  camera  image  11799  is  shown  in  Fig.  129 
within  the  indicated  rectangular  region.  It  has  an  apparent  peak  radiance  of  -1.7  x  10-8  W/sr-cm2, 
which  is  70%  of  the  apparent  peak  radiance  measured  in  the  tracker-camera  passband  for  the  initi;il 
cloud  immediately  following  Antares  ignition.  This  suggests  that  there  may  be  a  very  long  time 
constant  associated  with  the  processes,  producing  radiance  in  the  brightest  region  of  the  c'oud  trail. 
For  comparison,  the  apparent  peak  radiance  measured  in  the  tracker-camera  passband  at  the  tip  of  the 
cloud  trail  imaged  during  frame  11565  is  approximately  2.5  x  10-8  W/sr-cm2.  During  the  time  the 
cloud  trail  was  being  tracked,  the  radiance  measured  by  the  plume  camera  in  the  PC-1  passband  was 
well  below  the  single-frame  noise-equivalent  radiance  of  1.2  x  10  5  W/sr-cm2. 

8.3  The  Star  27  Dim  Trail 

Four  frames  of  UVPI  tracker  camera  data  show  a  dim  trail  behind  the  Star  27  stage  within  the 
last  second  prior  to  burnout.  There  is  no  indication  of  a  Star  27  trail  prior  to  these  images,  and  there 
is  no  evidence  of  the  trail  in  the  plume-camera  images.  One  of  the  tracker  images,  frame  number 
14000,  can  be  seen  in  Fig.  131. 


Fig.  I3I  -  Star  27  dim  trail 
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9.0  SUMMARY  AND  CONCLUSIONS 
9.1  Summary 

The  goal  of  the  Strypi  mission  was  the  acquisition  from  space  of  radiometric  UV  plume  data 
by  using  the  UVPI  on  board  the  LACE  satellite  The  UVPI  plume  camera  is  an  imaging  radiometer 
with  four  filters,  centered  at  250,  270,  280,  and  305  nm  (Table  12).  This  instrument  was  designed  to 
obtain  radiometric  data  in  a  spectral  region  that  is  especially  favorable  for  missile  detection  b^ecause 
of  the  very  low  solar  background.  Operation  from  space  is  necessary  because  the  atmosphere  is 
practically  opaque  to  wavelengths  below  300  nm.  From  a  50C-km  range,  the  plume  camera  has  a 
resolution  of  approximately  45  m. 

The  Strypi  XI,  a  three-stage  solid-propellant  missile  system,  was  obtained  for  this  observation. 
The  first  stage,  a  Castor  motor  with  two  Recruit  boosters,  operated  at  too  low  an  altitude  to  be 
observed  from  space.  The  mission  was  designed  for  observing  the  second  (Antares)  and  third  (Star 
27)  stage  plumes,  as  well  as  the  possible  bow  shock  from  the  reentry  of  the  third  stage.  The  rocket 
trajectory  was  selected  to  permit  simultaneous  observation  from  the  LACE  satellite  and  from  the  Air 
Force  Maui  Optical  Site  (AMOS). 

The  Strypi  was  launched  from  the  U.S.  Navy  Pacific  Missile  Range  Facility  before  sunrise  on 
18  February  1991.  The  Antares  and  Star  27  stages  were  successfully  tracked  by  the  UVPI  camera 
from  a  range  of  450  to  550  km.  The  Antares  plume  was  tracked  for  about  30  s,  and  plume  data  were 
acquired  with  all  four  plume-camera  filters.  The  weaker  plume  from  the  Star  27  stage  was  tracked, 
but  this  was  accompanied  by  a  large  amount  of  jitter  that  was  attributed  to  the  weaker  rocket  plume. 
The  jitter  prevented  stable  imaging  of  this  stage  with  the  plume-camera.  Plume  data  of  variable 
quality  were  obtained  with  three  of  the  four  plume-camera  filters.  The  observation  intervals  arc 
summarized  in  Tables  10  and  11. 


The  480  images  of  the  Antares  plume  were  of  sufficient  quality  and  tracking  accuracy  to 
permit  the  superposition  of  images  for  increased  radiometric  accuracy.  The  weak  signal  of  the  Star 
27  stage  yielded  radiometry  of  significantly  lower  reliability. 


The  superposed  images  were  analyzed  to  obtain  the  spectral  radiance,  evaluating  the  plume  as 
a  spatially  resolved  source,  and  die  spectral  radiant  intensity,  summing  over  space  to  treat  tlie  plume 
as  a  point  source.  The  radiometric  analysis  requires  a  model  spectral  shape,  for  which  a  reference 
model  was  taken.  The  analysis  procedure  is  described  in  Section  4.2.  The  spectral  values  were  also 
integrated  over  the  nominal  filter  bandwidths  to  obtain  radiance  and  radiant  intensity  values. 


Figures  27  through  33  are  false-color  maps  of  the  spatial  distributions  of  the  time-averaged 
radiant  intensities  of  the  Antares  and  Star  27  plumes.  Contour  plots  of  the  plume  radiance  were  also 
generated  from  the  superposed  images,  and  are  presented  in  Figs.  5 1  through  57. 


Figure  26  shows  the  image  and  Fig.  50  the  contour  plot  of  the  NRL  ground-based  UV 
beacon.  A  point  source  is  well  represented  by  the  contour  plots  under  these  conditions.  This  image 
indicates  the  resolution  limit  of  the  instrument  at  a  450-km  range.  The  lengths  of  the  rocket  plumes 
observed  during  this  mission  are  less  than  or  comparable  to  the  45-m  resolution  limit  (Table  34).  The 
consequent  smearing  of  the  source  over  an  increased  effective  area  significanUy  reduces  the  observed 
peak  radiance  of  the  plumes.  The  observed  radiances  are  denoted  "apparent"  values.  This  is  to 
distinguish  between  the  observed  radiance  values  and  those  that  would  be  obtained  from  an 
instrument  having  higher  .spatial  resolution.  An  adjustment  of  the  CHARf.l  predicted  peak  radiances 
for  this  effect  yields  factor-of-two  agreement  between  prediction  and  observation  (Table  33). 


Radiant  intensity  values,  obtained  by  summing  over  the  plume  central  region  and  over  the 
plume  camera  field  of  view,  are  not  affected  by  this  resolution  effect.  The  plume  centrsd  region  was 
defined  for  these  computations  as  the  region  in  which  the  radiance  exceeded  25%  of  the  peak 
apparent  value  plus  the  area  defined  by  a  5  by  5  pixel  dilation  of  this  region.  The  projected  area  of 
the  central  region  so  defined  was  approximately  6500  m^  (Table  29).  The  remainder  of  the  plume- 
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camera  images  is  denoted  the  outer  region.  The  reference  spectral  shape  is  unlikely  to  be  an  accurate 
model  for  the  radiometry  of  the  outer  region.  This  region  was  analyzed  by  using  a  flat  spectral  shape 
as  well  as  the  reference  spectral  shape  to  obtain  reasonable  bounds  for  the  true  radiometric  values. 
The  central  region  and  outer  region  radiant  intensities  are  summarized  in  Tables  36  and  37.  The 
temporal  behavior  of  the  plume  central  region,  outer  region,  and  total  radiant  intensities  is  shown  in 
Figs.  101  through  115. 

The  radiant  intensity  (the  total  radiated  power)  of  the  observed  outer  region  is  comparable  to 
that  of  the  plume  central  region.  The  outer  region’s  radiance  is  low  compared  to  the  plume  central 
region  but  it’s  area  is  much  greater.  A  comparison  of  the  outer  region  images  with  other  nadir 
images,  c.g.,  the  plume'Camera  images  of  the  ground  beacon,  show  no  such  radiance  in  the  outer 
region.  The  outer  region  emission  is  clearly  associated  with  the  missile.  However,  the  mechanism  of 
the  outer  region  radiance  has  not  been  established. 

The  UVPI  tracker  camera  provides  wideband  data,  255  to  450  nm,  that  may  complement  the 
plume-camera  data.  The  wide  field  of  view  of  the  tracker  camera  clearly  prevents  resolution  of  the 
plume,  but  radiant  intensity  values  can  be  obtained.  A  19  by  19  pixel  region  of  the  tracker  camera 
images,  matching  tlie  total  field  of  view  of  the  plume  camera,  was  used  for  computing  radiant 
intensities.  The  values  so  obtained  are  summarized  in  Table  38,  and  the  time  variations  illustrated  in 
Figs.  116  through  122. 

The  spectial  radiant  intensities  deduced  from  the  UVPI  observations  can  be  compared  to  the 
reference  model  of  plume  emission.  The  plume-central  region  spectral  radiant  intensities  show  a 
reference-spectrum-like  dependence  over  the  250  to  3C0-nm  range.  The  data  suggest  that  the  250  to 
270-nm  values  are  higher  relative  to  the  280  to  300-nm  values  than  the  reference  spectrum  predicts 
(Fig.  123).  The  spectral  radiant  intensities  summed  over  the  plume-camera  field  of  view  show  a 
similar  ultraviolet  excess.  The  full  field  values  from  the  plume  camera  can  be  complemented  by  the 
tracker-camera  data  over  the  same  area.  The  390-nm  vdue  obtained  adds  support  to  the  tentative 
conclusion  that  the  decrease  in  plume  spectral  radiant  intensity  as  the  wavelength  decreases  below  300 
nm  is  less  than  expected  on  the  basis  of  the  reference  model  (Fig.  124). 

The  Strypi  trajectory  was  planned  in  coordination  with  the  LACE  orbit  to  permit  a  search  for 
evidence  of  bow  shock  photoemission.  However,  the  Antares  and  Star  27  stages  apparently  collided  at 
separation,  causing  the  Star  27  to  loft  above  its  planned  altitude  and  bum  out  at  112  km  instead  of  99 
km.  This  delayed  the  onset  of  the  putative  bow  shock,  which  was  not  expected  to  be  seen  above  100- 
km  altitude.  The  burnout  of  the  plume  terminated  automatic  plume  tracking,  and  the  Star  27  stage 
was  lost  from  the  instrument  field  of  view  before  it  reached  bow  shock  altitude. 

A  very  large  cloud  of  bright  material  was  observed  just  prior  to  Antares  ignition.  The 
apparent  area  of  this  initial  cloud  was  several  hundred  times  the  area  of  the  Antares  plume.  The  cloud 
was  observed  again  following  the  Antares  motor  bum  (Fig.  128)  and  was  sufficiently  bright  to 
interfere  with  tracking  of  the  missile  stages.  The  cloud  occurred  behind  the  missile  stage  and  is  not 
believed  to  be  responsible  for  the  outer  region  emission  observed  to  the  sides  of  the  missile. 

9.2  Achievement  of  Objectives 

The  results  of  the  UVPI  observation  of  the  Strypi  missile  can  be  compared  to  the  objectives 
listed  in  Section  2.1. 

9.2.1  General  Objectives 

•  Obtain  isoradiance  contours  for  the  Antares  and  Star  27  plumes.  Spatially 
resolved  images  of  the  Antares  and  Star  27  plumes  were  obtained  for  seven  data 
intervals.  These  corresporsded  to  imaging  with  all  four  plume-camera  filters  for 
the  Antares  and  three  of  the  four  filters  for  the  Star  27  stage.  These  images  were 
scaled  to  spectral  radiance  maps  and  contours,  as  illustrated  in  Sections  4  and  5. 

•  Obtain  radiant  intensity  measurements  based  on  the  entire  field  of  view  of  the 
plume  camera  and  on  a  subregion  corresponding  approximately  to  a  plume 
core.  Radiant  intensity  measurements  for  the  plume  camera  FOV  and  for  a 
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plume  central  region  defined  in  Section  5.1  were  extracted  from  the  images  for 
the  seven  data  intervals.  These  results  arc  presented  in  Section  6. 

•  Compare  radiometric  measurements  for  the  Antares  and  Star  27  plumes  with 
those  generated  by  the  CHARM  1.3  computer  code.  The  preliminary 
compari;,f  n  undertaken  here  suggests  that  the  UVPI  data  represent  a  spectrd 
shape  somewhat  different  from  that  of  the  reference  spectrum.  The 
experimental  results  indicate  that  tlie  emission  at  wavelengths  shorter  than  300 
nm  is  greater,  relative  to  the  emission  at  longer  wavelengths,  than  is  predicted  by 
the  reference  model.  These  results  are  described  in  Section  7.  The  detailed 
comparison  of  CHARM  predictions  to  the  UVPI  observations  is  a  task  for  the 
modelers. 

•  Provide  radiometric  measurements  for  nonplume,  transient  phenomena,  if  any. 
An  initial  cloud  at  Antares  ignition  was  observed,  and  its  radiance  was  measured 
with  the  tracker  camera.  The  cloud,  which  was  seen  to  extend  behind  the  plume, 
was  again  observed  by  the  tracker  camera  following  Antares  stage  burnout. 
These  observations  are  described  in  Section  8. 

9.2.2  Spatial  Features 

•  Obtain  the  length  of  the  Antares  and  Star  27  plume  central  regions.  The 
resolution  limit  of  the  UVPI  corresponds,  at  this  range,  to  about  45  m,  which  is 
comparable  to  the  expected  plume  length.  Thus,  a  close  measurement  of  the 
plume  length  was  not  possible,  hut  (as  described  in  Section  5.5)  the  observations 
are  consistent  with  the  predicted  plume  length. 

•  Determine  the  shape  of  the  shock  houndarylmixing  layer  for  different  rocket 
velocities.  Despite  the  very  weak  radiance  of  the  outer  region,  the  boundary 
layer  was  detectable  from  the  multiple-image  superpositions.  The  shape  is 
evident  from  Figs.  44  (Antares)  and  45  (Star  27)  and  may  be  correlated  with  the 
rocket  velocity  (Fig.  12),  which  varied  from  0.5  to  5.0  km/s. 

•  Identify  asymmetries  in  plume  shape  and  investigate  possible  causes.  No  plume 
shape  asymmetries  were  observed.  The  resolution  limit  of  the  UVPI  at  this  range 
is  such  that  only  large  asymmetv’s  could  have  been  detected. 

9.2.3  Temporal  Features 

•  Identify  temporal  trends  in  radiometrics  and  it. .  cstigate  possible  dependence  on 
rocket  velocity.  The  time  ^-havio.'  of  the  raCi'uit  intensity  of  the  Antares  and 
Star  27  plumes  is  describ  i  in  Sc'tion  6.  Nc  obvious  correlation  witli  rocket 
velocity  was  observed. 

•  Investigate  radiometric  fluctuations  to  deter.nine  whether  short-term  variations 
in  brightness  are  observed.  The  statistics  of  the  variations  in  plume  radiant 
intensity  are  described  in  Section  6.  Several  peaks  beyond  the  range  of 
statistical  likelihood  wens  observed.  The  data  were  carefully  analyzed  and  no 
reason  was  found  to  reject  them. 

•  Identify  changes  with  time  in  the  shape  of  the  plumes'  outer  region.  The  shape 
of  the  outer  regions,  and  the  variation  with  time,  can  be  observed  in  Figs.  44  and 
45. 

•  Identify  persistence  and  cumulative  effects,  if  any,  in  plumes  or  nonplume 
phenomena.  A  large  cloud  was  observed  behind  the  Antares  plume  (Section  8). 
The  cloud  was  observed  twice,  once  immediately  following  Anuires  ignition  and 
once  following  Antares  burnout.  The  apparent  peak  radiance  of  the  portion  of 
the  cloud  observed  immediately  after  igrtition  was  seen  to  decrease  by  only  30% 
during  the  period  of  Antares  bum. 

9.2.4  Spectral  Features 

•  Compare  the  shape  of  the  plume  central  region's  emission  spectrum  with  the 
reference  spectral  shape,  which  is  that  of  micron-sized  alumina  particles  at  the 
melting  point,  and  spectral  shape  determinations  based  on  other  sensors.  As 
described  in  Section  7,  the  UVPI  data  indicate  that  the  decrease  in  spectral 
radiance  and  radiant  intensity  as  the  wavelength  decreases  below  300  nm  is  less 
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than  indicated  by  the  reference  model.  A  comparison  of  the  UVPI  data  with 
data  acquired  by  other  sensors  is  currently  in  progress. 

•  Relate  tracker  camera  measurement  to  visible  and  infrared  measurements  made 
by  other  sensors.  The  UVPI  acquired  plume  radiometric  data  to  450-nm 
wavelength.  These  radiant  intensity  values  can  be  compared  to  data  at  longer 
wavelength.'  from  other  sensors  as  those  data  become  available. 

•  Characterize  the  emission  spectrum  for  the  plumes'  outer  regions,  if  any.  Outer 
region  spectral  shape  information  can  be  extracted  from  the  central  region  and 
total  image  data,  by  using  the  values  tabulated  in  Section  7.  However,  the  result 
is  subject  to  large  uncertainties  because  of  the  imprecision  in  distinguishiiig 
between  central  region  and  outer  region,  compounded  by  the  uncertainties  in 
the  determination  of  the  central  region  radiometric  values.  The  data  suggest  a 
stronger  far  UV,  \  <  300  nm,  component  in  the  outer  region  radiance  than  is 
seen  in  the  central  region. 

It  is  clear  from  the  above  that  most  of  the  task  objectives  were  achieved,  but  the  instrumental 
limitations  in  resolution  and  signal  strength,  as  well  as  the  uncertainty  in  the  reference  spectral  shape, 
complicate  the  extraction  of  precise  values. 

9.3  Conclusions 

The  UVPI  observation  of  the  Strypi  launch  demonstrates  the  capability  of  the  instrument  for 
tracking  and  imaging  missiles  in  flight  from  a  500-km  range.  The  brighter  plume  of  the  Antares 
stage  v/as  successfully  tracked  throughout  its  bum,  despite  the  interference  of  an  ignition  cloud.  The 
fainter  plume  of  the  Star  27  stage  was  tracked  with  a  relatively  large  amount  of  jitter. 

The  Antares  stage  was  acquired  for  a  total  of  480  camera  images  distributed  over  all  four 
UVPI  filters.  The  Star  27  was  tracked  for  a  total  of  304  images,  and  data  were  obtained  for  three  of 
the  four  filters.  The  spectral  radiance  and  spectral  radiant  intensities  were  extracted  from  these 
images.  Absolute  values  are  necessarily  obtained  on  the  basis  of  an  assumed  spectral  shape;  namely, 
the  reference  spectrum.  A  comparison  of  the  results  for  the  four  UVPI  filters  indicates  that  the 
reference  shape  is  not  inaccurate,  but  the  new  data  indicate  a  stronger  component  in  the  far  UV,  X  < 
300  nm,  than  the  model  predicts. 

The  images  reveal  not  only  a  radiant  plume  but  an  extensive  outer  region  with  a  passband- 
integrated  radiant  intensity  comparable  to  that  of  the  plume  central  region.  The  far-UV  component 
of  tWs  outer  region  appeared  to  be  even  stronger,  relative  to  the  near-UV  component,  than  that  of  the 
central  region.  The  mechanism  of  excitation  of  this  outer  region  has  not  been  established.  Although 
spectral  radiant  intensity  values  for  the  outer  region  were  estimated  by  calculations  based  on  both  the 
reference  spectral  shape  and  a  spectrally  flat  model,  these  values  must  be  considered  tentative  until  a 
reliable  spectral  model  for  tne  outer  region  is  available. 

The  time  dependence  of  the  plume  central  region  radiant  intensity  within  each  filter  interval 
showed  no  pronounced  trends  or  variations.  Momentary,  single-frame  peaks  exceeding  the  range  of 
normal  statistical  variation  were  detected.  Whether  these  can  be  correlated  with  missile-engine  events 
or  other  sensors  remains  to  be  seen. 

The  tracker  camera  obtained  mdiant  intensity  data  in  the  255  to  450-nm  wavelength  range. 
These  data,  taken  with  the  plume  camera  data  in  the  195  to  350-nm  range,  support  the  following 
conclusion:  The  central  region  spectrum  is  quite  close  to  the  reference  model  with  an  enhancement  of 
the  emission  in  the  far-UV  between  250  and  280  nm. 

The  third  stage  of  the  missile  rose  to  a  higher  altitude  than  planned  and  burned  out  before 
descending  to  altitudes  where  a  bow  shock  might  occur.  The  tracker  lost  track  when  the  missile 
ceased  firing  and  could  not  follow  the  third  stage  to  lower  altitudes.  Thus  the  experiment  did  not 
yield  a  test  of  the  existence  of  a  luminous  bow  shock. 
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A  very  large,  persistent  cloud  trail  from  the  Antares  stage  was  observed.  This  43-km  trail  was 
sufficiently  bright  and  persistent  that  it  did  briefly  confuse  tlie  UVPI  tracker. 

The  data  base  of  UV  radiometric  information,  yielding  refined  interpretations  and 
evaluations,  will  be  a  foundation  for  further  analysis.  Comparison  with  models  and  with  data  from 
sensors  on  other  platforms  will  also  yield  improved  radiometric  results  and  an  enhanced 
phenomenological  understanding  of  UV  emission  by  solid-fuel  rocket  motors  in  the  upper 
atmosphere. 
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Appendix  A 

THE  ULTRAVIOLET  PLUME  INSTRUMENT 

A.  1.0  UVPI  DESCRIPTION  AND  BLOCK  DIAGRAM 

The  Ultraviolet  Plume  Instrument  (UVPI),  designed  and  buil:  by  Loral  Electro  Optical 
Systems  [6,7],  comprises  six  subassemblies  (Fig.  Al)  ranging  in  size  from  4.4  to  0.3  ft^.  The  six 
subassemblies  are  sensor  head  assembly,  electronics  interface  assembly,  camera  frame  controller, 
digital  tape  reco.der,  power  supply,  and  tracker  assenibly.  The  total  weight  is  about  170  lb,  and  the 
operating  power  consumption  averages  about  170  W. 
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Fig.  Al  -  UVPI  block  diagram 

There  are  two  intensified  charge-coupled-device  (ICCD)  cameras,  the  tracker  camera  and  the 
plume  camera,  which  are  boresighted  and  share  a  common  optical  telescope.  The  tracker  camera  is 
used  to  locate,  acquire,  and  track  a  target;  tlie  plume  camera  collects  target  images  in  the  near  and 
mid-ultraviolet  wavelengths.  The  camera  images  arc  digitized  a-td  transmitted  to  the  ground  or  are 
recorded  onboard  for  later  transmissicn.  Figure  A2  is  a  diagram  of  the  flow  of  cemmande  and  data 
within  the  UVPI.  I 


The  instrument  was  designed  to  transmit  or  store  images  in  a  selectable  normal  or  high  image 
rate  mode  because  of  the  limited  telemetry  data  rate,  3.125  Mbps.  In  the  high  image  rate,  or  zoom 
mode,  only  the  central  pwrtion  of  the  image  is  retained.  This  allows  a  30  Hz  image  rate  while  using 
the  same  bandwidth.  The  normal  image  transmission  rate  is  5  Hz.  Tlic  photometric  range  and 
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sensitivity  of  the  UVPI  cameras  were  selected  for  nighttime  operations.  That  is,  the  UVPI  was 
designed  to  view  and  track  relatively  bright  targets  against  a  dark  background. 
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19$.  A2  •  ContRiMid  and  data  flow  within  die  UVPI 

■  ! 

:  The  UVPI  is  mounted  within  the  satellite  and  looks  through  an  aperture  in  the  Earth-oriented 
panel.  A  gimbaled  mirror  provides  UVPI  with  a  field  of  regard  of  a  SO”  half-angle  cone  about  the 
satellite's  nadir.  When  the  UVPI  is  not  in  use,  a  door  covers  the  aperture.  Attached  to  the  inside  of 
this  door  is  a  flat  mirror  that  allows  the  UVPI  cameras  to  view  celestial  objects  or  the  Eanh’s  limb 
when  the  door  is  partially  opened. 

A.1.1  Sensor  Head  Assembly 

The  sensor  head  assembly  shown  in  Fig.  A3  houses  the  UVPI  optical  components  and  the  two 
intensified  video  cameras.  The  two  major  sections  are  the  optical  bench  and  the  gimbal  frame.  The 
optical  bench  contains  the  telescope,  calibration  lamp,  tracker  and  plume  cameras,  power  regulator, 
mter  wheel  for  the  plume  camera,  filter  drive  motor,  plume-camera  tolding  mirror,  relay  optics,  beam 
splitter,  and  the  filter  for  the  tracker  camera.  The  optical  bench  is  attached  to  the  gimbal  frame  that 
also  accommodates  the  gimbals  and  resolvers,  gimbaled  mirror,  gimbal  caging  mechanism, 
calibration  mirror,  the  door,  and  the  door  drive  motor. 

The  telescope  shown  in  Fig.  A4  is  a  Cassegrain  configuration  with  refractor  corrector  plate. 
The  drcular  aperture  is  10  cm  in  diameter,  yielding  a  78  cm3  gross  collecting  area.  A  beam  splitter 
allows  the  two  cameras  to  share  the  beam  and  the  forward  telescope  optics.  The  effective  colleaing 
area,  which  accounts  for  beam  reduction  caused  b^r  central  blocking  and  the  beam  splitter,  is  us^  in 
calculating  the  net  quantum  efficiency  reported  in  Appendix  E.  The  focal  length  for  the  tracker 
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camera  is  60  cm,  which  gives  an  /  number  of  6  and  a  field  cf  view  of  2.62°  by  1.97°  The  plume 
camera  uses  a  relay  lens  of  magnification  10.3,  which  provides  a  focal  length  of  600  cm,  an/  number 
of  60,  and  a  field  of  view  of  .180°  by  .135°. 


Fig.  A4  -  UVPI  tensor  head  assembly  optics 


The  intensified  cameras  shown  in  Fig.  A5  consist  of  an  image  intensifier  followed  by  a  fiber¬ 
optic  reducer  and  a  CCD  television  camera.  The  intensifiers,  which  were  made  by  ITT,  convert 
inconrJng  ultraviolet  photons  into  lutgoing  green  photons,  giving  a  large  increase  in  intensity  while 
preserving  the  spatial  characteri.stics  of  the  image. 
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Fig.  A5  -  Schonttic  of  intoisified  CCD  camera 


The  intensifier  is  a  vacuum-sealed  cylinder  containing  circular  quaiu  windows  in  front  and 
back.  The  photccathode  material,  which  converts  incoming  ultraviolet  photons  to  electrons,  is  a  semi¬ 
transparent  coating  on  the  inside  of  the  front  window.  The  P20  phosphor,  which  converts  electrons  to 
green  phototis,  is  a  coating  on  the  inside  of  the  back  window.  The  electrons  are  multiplied  as  they 
pass  from  front  to  back  through  a  dual-chevron  microdiannel  plate  (MCP)  that  has  elearon  gains  of 
approximately  10^  at  high  gtdn  settings,  lire  election  energy  is  increased  by  the  phosphor's  anode 
potential.  The  overall  net  gain  provides  about  10*^  green  photons  per  ultraviolet  photon. 


The  tapered  fiber  optic  provides  a  size  reduction  of  the  image  to  match  the  intensifier  output 
to  the  CCD  chip  input.  The  CCD  chip  is  a  Texas  Instrument  241C  with  a  weU-transfer  function  of  1.2 
microvolts/electron. 


A.  1.2  Camera  Frame  Controller 


The  priiiiary  function  of  the  UVPI  Camera  Frame  Controller  (CFC)  is  to  receive  RS-170 
video  signals  fiom  the  plume  and  tracker  cameras,  digitize  them,  and  supply  them  to  the  electronics 
interface  assembly.  The  received  analog  video  signals  are  restored,  multiplexed,  digitized,  and 
summed  by  internal  CFC  circuits.  The  tracker  camera's  video  si^ial  is  buffered  and  made  available  to 
the  tracker  electronics  for  target  centroid  calculations  and  for  determination  of  the  gimbaled  mirror 
pointing  commands.  Camera  telemetry  data  from  the  CFC  and  engineering  telemetry  data  from  the 
electronics  interface  assembly  are  added  to  the  digitized  video  frames  and  telemetered  by  the  LACE 
spacecraft  for  later  analysis. 

The  secondary  functions  of  the  CFC  are  automatic  gain  control  of  the  exposure  of  each 
camera,  normal/zoom  image  rate  selection,  plume-to-tracker  ratio  selection,  camera  telemetry  data 
generation  for  post-mission  reconstruction  of  the  acquired  images,  filter  wheel  control,  door  position 
control,  calibration  lamp  on/off  control,  gimbal  cageAmcage  control,  and  providing  telemetry  status 
data  to  the  electronics  interface  assembly. 

Horizontal  and  vertical  control  signals  are  supplied  to  both  cameras  by  the  CFC  for 
synchronization.  An  on-board  microcontroller  allows  communication  with  the  electronics  interface 
assembly  for  receiving  commands  and  periodically  sending  status  infoimation. 
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The  CFC  camera  frame  and  field  definitions  are  shown  in  Fig.  A6.  The  focal  plane  for  each 
camera  is  an  array  of  754  vertical  by  480  honzontal  pixels.  Each  video  frame  is  composed  of  two 
754  by  240  pixel  fields.  The  fields  from  the  tracker  camera  are  sc.it  to  the  tracker  electronics  at  a  60 
Hz  rate.  To  form  plume-  or  tracker-camera  images  for  telemetering  or  onboard  storage,  three  pixels 
arc  averaged  to  form  a  superpixel,  and  two  fields  arc  then  averaged.  The  rcsult  is  the  251  vertical  by 
240  horizontal  array  of  pixels  at  ^  Hz. 
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Fig.  A6  -  UVPI  c«nen  Crene  md  field  definiUor,j 


A.  1.3  Electronics  Interface  Assembly 


The  electronics  interface  assembly  (EIA)  is  the  UVPI  system  controUer.  Its  function  is  to 
receive  commands  and  timing  information  from  the  spacetrafi  and  distribute  reformatted  command 
and  timing  to  the  UVPI  subsystems.  In  addition,  the  EIA  collects  video  cameia  data  from  both 
cameras  and  status  information  from  the  subsystems  for  delivery  to  the  high  and  low  speed  telemetry 
spacecraft  ports. 

The  heart  of  the  EIA  is  the  SC-1  control  computer,  also  referred  to  as  the  instrument  control 
computer  (ICC).  This  is  an  environmentally  ruggedized,  general-purpose,  16-bit  computer  based  on  a 
common  8086-type  processor.  The  computer  is  fabricated  in  CMOS,  and  operates  at  a  5  MHz  clock 
rate. 


The  SC-1  provides  two  main  on-board  input  and  o»:tput  links.  The  first  is  a  serial  data 
channel,  RS-232  format,  which  communicates  with  the  tracker  electronics.  This  interface  is  software 
configurable  and  operates  at  a  9600-baud  data  rate.  The  second  link  is  an  extension  of  the  main  CPU 
bus  of  the  SC- 1  and  is  used  for  communication  within  the  electronics  interface  assembly. 

Pointing  the  gimbalcd  mirror  is  possible  in  either  open-loop  or  closed-loop  modes.  In  the 
open-loop  mode,  the  SC-1  computer  uses  a  pointing  function  to  calculate  a  sequence  of  desired 
azimuth  and  elevation  angles  for  the  gimbals.  The  gimbal  servo  then  adjusts  the  gimbal  until  the 
gimbal  angle  readouts  match  the  desir^  angles.  The  pointing  function,  which  calculates  the  desired 
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angles,  consists  of  two  segmented  polynomials,  each  of  the  same  order  ranging  from  three  to  six.  Up 
to  2SS  pointing  functions  can  be  transmitted  and  stored  in  the  SC-1  computer,  and  the  desired 
function  can  be  selected  by  command. 

In  the  closed-loop  mode,  the  tracker  electronics  determine  the  tracking  enor  by  measuring 
the  angular  displacement  between  a  target  centroid  and  the  center  of  the  tracker-camera’s  field  of 
view.  The  gimbaled  mirror  is  then  mov^  under  control  of  the  tracker  electronics  to  bring  the  target 
centroid  to  the  center  of  the  tracker  camera's  field  of  view. 

The  open-loop  pointing  is  used  in  the  POINT  mission  mode  shown  in  Fig.  A7.  This  mode  is 
used  to  move  the  minor  through  a  scan  pattern  in  order  to  fmd  the  target  if  it  is  beyond  the  tracker- 
camera’s  field  of  view.  Once  the  target  is  seen  in  the  tracker  camera  by  the  ground  station  operator, 
the  ACQUIRE  mode  is  commanded.  This  enables  the  tracker  to  take  control  after  it  has  locked  onto 
the  target.  When  this  occurs,  the  mission  mode  is  changed  to  TRACK.  If  the  target  image  is  lost  while 
it  is  being  tracked,  the  tracker  electronics  will  enter  the  EXTR.\POLATE  mission  mode.  Accordingly, 
the  SC-1  computer  will  point  the  gimbaled  mirror  by  using  a  second-order  polynomial  extrapolation 
function  based  on  the  recent  gimbal  angle  history.  If  the  target  reappears  during  the  extrapolated 
pointing,  the  tracker  electronics  will  go  back  into  the  TRACK  mode  and  regai’'  control  of  the  gimbal. 


A.  1.4  Power  Subsystem  1 

1 

The  power  subsystem  provides  all  of  the  input  power  needed  by  the  UVPI  at  various  voltage 
levels  and  provides  electromagiietic  interference  protection  for  the  UVPI.  To  aid  LACE’s  tight  power 
budget,  the  power  subsystem  is  designed  sd  that  lower  power  levels  can  be  used  when  mission 
requirements  warrant.  *11115  would  occur,  fori  example,  when  only  commands  are  being  loaded  or 
when  only  the  tape  recorder  playback  fimctionl  needs  to  be  actuated.  Primary  power  is  received  from 
the  LACE  spacecraft  at  28  volts  DC.  Maximum!  power  used  by  the  UVPI  is  218  W  (normal  is  157  W). 

A.1  J  Digital  Tape  Recorder 

The  digital  tape  recorder  is  a  NASA  standard  magnetic  tape  recorder  used  for  storing 
digitized  video  and  engineering  data.  The  unit,  designed  and  manufactured  by  RCA,  can  store 
approximately  7  min.  of  data  at  2.7  Mbps. 
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Table  A2  -  Tracking  Subsystem  Requirements  and  Perfonnance 


Specifications 

Requirements 

1  Measured  Performance 

Position  loop  bandwidth 

SHz 

SHz 

Poiniins  error 

aCOpiad  RMS 

96Mrad  RMS 

Tracking  jiuer 

15  prod  R>.tS 

SpradRMS 

Tracking  velocity 

1  deg/s 

7  deg/s 

Tracking  acceleration 

0.05  deg/s2 

5  deg/s2 

A.  1.6^  Tracker  Electronics 

Figure  A9  shows  the  functions  of  the  tracker  electronics.  The  tracker  camera’s  video  signal  is 
received  ^m  the  camera  frame  controller  on  a  RS-170  link  at  60  fields  per  second.  The  video  si^al 
is  first  passed  tiirough  the  spot  remover  tlial  removes  the  effects  of  sensor  blemishes  and  optical 
system  obstructions,  and  removes  background  clutter  on  a  field-to-field  basis.  The  spot  remover 
contains  two  video  memories  to  map  spot  locations.  One  memory  stores  the  short-term  map  for 
background  clutter  subtraction,  and  the  other  memory  stores  tlie  map  of  longer  lasting  blemishes. 
The  correction  for  blemishes  is  achieved  by  substituting  a  predetermined  video  level  for  the 
blemished  location. 
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Hg.  A9  •  Funedons  of  tracker  electronics 

After  passing  through  the  spot  remover,  the  video  signal  enters  the  video  processor.  The  video 
processor  also  receives  the  horizontal  and  vertical  control  signals  and  a  clock  signal  to  control 
synchronization  and  data  sampling.  The  video  processor  also  determines  the  target  size. 

A  tracking  window,  or  track  gate,  bounds  the  subarray  of  pixels  that  are  identified  as  part  of 
the  target  The  size  of  the  tracking  window  can  be  directly  controlled  by  the  SC-1  computer  or  by  the 
track  gate  sizing  portion  of  the  tracker  electronics  as  a  ratio  with  the  target  size. 
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The  data  from  the  pixels  within  the  tracking  window  arc  sent  to  the  centroid  processor,  which 
can  use  one  of  several  algorithms  to  dctennine  the  location  of  the  target  in  the  tracker  camera’s  focal 
plane. 


Algorithm  choices  include  mass  centroid,  which  spatially  averages  all  pixels  above  threshold 
with  equal  weighting;  intensity  centroid,  which  weights  each  pixel  by  the  intensity  of  its  respionse;  and 
mass  and  intensity  centroid.  For  mass  and  intensity  ccntioid  tracking,  the  intensity  centroid  algorithm 
is  used  to  determine  the  target  position  witliin  the  field  of  view  and  the  mass  centroid  algorithm  is 
used  to  calculate  the  target  size  and  target  validity. 

Figure  AlO  shows  the  definitions  associated  with  the  tracker  camera’s  focal  plane  that  the 
tracker  elearonics  use  in  determining  the  target  location  in  the  focal  plane.  Tlie  tracking  error  is  used 
to  command  the  gimbal  servo  electronics  to  drive  the  tracking  error  to  zero  as  described  in  Appendix 
D.  The  gimbal  commands  are  converted  to  analog  signals  and  transmitted  to  the  gimbal  servo 
electronics  at  60  Hz.  The  tracker  electronics  transmits  data  to  the  SC-1  computer  in  a  command- 
response  sequence  except  during  the  TRACK  mode,  when  the  output  data  arc  transmitted  at  30  Hz. 
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Appendix  B 

UVPI  CHARACTERIZATION  AND  CALIBRATION 

This  appendix  discusses  the  characterization  and  calibration  of  the  UVPI  plume  and  tracker 
cameras.  Section  B.1.0  discusses  the  spectral  response  of  the  cameras  and  the  conversion  from 
incicieru  photons  to  photoevents  detected  by  the  UVPI.  Section  B.2.0  details  the  conversion  from 
photoevents  to  the  digital  number  reported  in  the  UVPI  data  stream.  The  method  for  converting 
UVPI  data  to  radiant  intensity  and  spectral  radiant  intensity  units  is  detailed  in  Section  B.3.0.  Section 
B.4.0  shows  the  results  of  on-orbit  calibration  of  the  instrument  by  observing  known  stars. 

B.1.0  UVPI  SPECTRAL  RESPONSE 

The  UVPI  plume  and  tracker  cameras  are  described  in  detail  in  Appendix  A.  The  optical 
paths  for  both  the  plume  and  tracker  cameias  can  be  divided  into  two  parts.  The  first  part  of  each 
camera  system  consists  of  the  telescope,  a  bandpass  filter  to  select  the  observation  wavelength,  and  the 
photocathode  of  a  micn,chaimel  plate  (MCP)  image  intensifier.  For  the  plume  camera,  one  of  four 
bandpass  filters  can  be  selected,  and  the  phctocathode  material  is  CsTc.  For  the  tracker  camera,  only 
one  bandpass  filter  is  available,  and  the  photocathode  material  is  bialkali.  Die  second  part  of  each 
camera  system  consists  of  the  remaining  elements  of  the  image  intensifier,  the  CCD  imager,  and  the 
CCD  control  electronics  that  convert  the  pixel  response  to  a  digital  number.  The  gain  of  each  image 
intensifier  is  selectable,  and  the  exposure  time  of  the  tracker  camera  is  selectable  by  strobing  the 
intensifier  high  voltage.  The  response  of  the  UVPI  cameras  can  be  divided  into  the  gains  of  the  two 
parts  described  above. 

The  first  component  of  the  response  for  each  camera  is  the  net  quantum  efiiciency,  which  is 
the  probability  tliat  a  photon  incident  on  the  UVPI  telescope  will  produce  a  photoevent  (PE).  A 
photnevent  is  defined  as  a  photoclcctron  at  the  photocathode  that  is  collected  and  amplified  by  the 
MCP.  This  component  of  the  response  is  wavelength-dependent.  It  conesponds  primarily  to  the  filter 
bandpasses  but  also  includes  the  wavelength  dependence  of  the  optics  and  photocathodcs.  The 
collection  efficiency  of  the  MCP  is  incorporated  into  this  component. 

The  second  component  of  the  response  for  each  camera  is  the  conversion  ratio  between 
photoevents  and  the  digital  number  reported  by  the  CCD  control  electronics.  This  digital  number  is 
the  one  that  is  reported  for  each  pixel  in  the  telemetry  stream.  Diis  component  is  not  wavelength 
dependent;  it  takes  into  account  MCP  gain  and  phosphor  and  CCD  efficiencies. 

The  net  quantum  efficiencies  for  the  plume  and  tracker  cameras  are  shown  in  this  section. 
The  conversion  of  photoevents  per  pixel  to  a  digital  number  in  tele.metry  is  discussed  in  Section 
B.2.0. 

B.l.I  Ultraviolet  Response 

The  response  of  the  UVPI  plume  and  tracker  cameras  as  a  function  of  wavelength  in  the 
ultraviolet  was  carefully  measured  before  launch.  The  net  quantum  efficiency  of  the  plume  camera 
for  each  of  the  four  bandpass  filters  is  shown  in  Fig.  Bl.  The  net  quantum  efficiency  of  the  tracker 
camera  is  shown  in  Fig.  B2.  The  values’  of  net  quantum  efficiency  plotted  in  these  figures  are 
tabulated  in  Appendix  E. 
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Fig.  B1  -  Phune  camera  net  quanoim  efficiency  curves  Fig.  B2  -  Tracker  camera  net  quantum  efficiency  curve 
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B.1.2  IIVPI  Extended  Response 

Some  sources  observed  by  the  UVPl,  such  as  rocket  plumes,  are  much  brighter  in  the  visible 
and  near-infrared  wavelengths  than  in  the  ultraviolet.  Therefore,  even  a  strongly  attenuated  response 
of  IJVPI  to  these  wavelengths  could  significantly  affect  the  data.  A  combination  of  very  conservative 
estimates  and  laboratory  measurements  were  made  to  characterize  the  response  of  tlie  UVPI  into  tlie 
visible  and  near-infrared;  the  results  are  shown  in  this  section.  It  should  be  emphasized  that  the 
readings  presented  here  are  worst-case  values  and  represent  an  upper  bound  on  the  long-wavelength 
response  of  UVPI.  Tests  and  analysis  are  in  progress  to  better  characterize  the  long-wavelength 
response. 

Analysis  shows  that  only  the  plume  camera  with  filter  4  and  the  tracker  camera  have  the 
possibility  of  significant  respor*se  to  long  wavelengths  when  observing  a  source  such  as  a  plume.  The 
plume  camera  with  filters  1,  2.  or  3  does  not  have  significant  long-wavelength  response.  The 
estimated  worst-case  net  quantum  efficiency  extended  to  long  wavelengths  for  the  plume  camera  is 
shown  in  Figs.  B3  through  B6.  Similarly,  the  estimated  worst-case  net  quantum  efficiency  for  the 
tracker  camera  is  shown  in  Fig.  B7. 


Rg.  B3  -  Plume  camera  extended  net  quantum  effidency.  Fig.  B4  -  Plume  camera  extended  net  quantum  efficiency, 
filter  1  filter  2 
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Fig.  B5  -  Plume  camera  extended  net  qtiantum  efficiency, 
filter  3 


Fig  B6  -  Plume  camera  extended  net  quantum  efficiency, 
filter  4 


Fig.  B7  -  Tracker  camera  extended  net  quantum  elTitiency 


To  estimate  the  possible  effects  of  long-wavelength  response  when  observing  a  thermal 
source,  analysis  was  caired  out  to  deieraiine  the  percentage  of  phoroevents  detected  by  UVPI  that 
would  arise  from  out-of-band  radiation  with  wavelengths  longer  than  the  nominal  bandpasses  shown 
1  in  Figs.  B1  and  B2.  This  analysis  assumes  the  worst-case  estimates  for  long- wavelength  UVPI 
response  shown  in  Figs.  B3  through  B7,  and  a  thennal  source  with  the  reference  spectral  shape.  By 
i  using  these  conservative  assumptions,  the  analysis  shows  that  less  than  one  percent  of  the  photoevents 
recorded  by  the  plume  camera  arise  from  long-wavelength  radiation.  Because  the  potential  effect  of 
the  long- wavelength  response  is  negligible,  the  plume  camera  data  reported  in  this  document  have  not 
(been  adjusted  for  the  potential  long-wavelength  response.  The  analysis  for  »he  tracker  camera,  using 
the  same  assumptioiis,  shows  tliat  no  mote  than  14%  of  the  phoiocvents  reported  by  the  tracker 
Camera  arise  from  photons  with  wavelengths  longer  than  tlte  nominal  tracker  bandpass.  The  data 
reported  in  this  document  for  the  tracker  camera  have  been  adjusted  to  account  for  this  effect  by 
dividing  the  total  number  of  phoiocvents  recorded  by  the  tracker  camera  by  1.14. 

Bj.2.0  CONVERSION  FROM  DIGITS.  NUMBER  TO  PHOTOEVENTS  PER  PIXEL 

B.2.I  Gain  Conversion  Factor  Gg 

It  is  assumed  that  the  net  quaritum  efficiency  curves  shown  in  Section  B.1.0  remain  constant 
under  all  measurement  conditions.  Therefore,  variations  in  the  responsiveness  of  the  instrument  are 
taken  into  account  in  the  gain  conversion  factor  Gg  for  die  gth  gain  step.  The  values  of  Gg  are  not 
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dependent  on  wavelength  but  are  dependent  primarily  on  microchannel  plate  gain  step.  To  a  lesser 
extent,  the  Gg  values  depend  on  phosphor  efficiency,  CCD  efficiency,  sensor  temperature,  and 
possibly  pass-specific  parameters.  The  values  of  arc  shown  for  the  tracker  camera  in  Fig.  B8,  and 
for  the  plume  camera  in  Fig.  B9.  The  values  of  (fg  for  both  cameras  are  tabulated  in  Appendix  E. 
The  units  for  Gg  are  digital  number  per  photoevent. 


Fig.  B8  -  vs  gain  step  for  tracker  camera 


Fig.  B9  -  G,  vs  gain  step  for  plume  camera 


The  values  of  Gg  for  all  gain  steps  were  measured  before  launch.  In  addition,  tlie  value  for 
gain  step  15  was  determined  by  using  sparse-field  data  for  which  single,  isolated  photoeventr,  are 
generated  from  dark-noise  or  illumination.  The  values  for  all  pixels  associated  with  each  isolated 
photoevent  arc  summed,  and  the  resulting  sum  is  the  Gg  value  for  this  step.  Finally,  on-orbit 
calibrations  for  all  plume  and  tracker  camera  bandpasses  were  performed.  These  arc  discussed  in 
Section  B.4.  The  on-orbit  calibratioirs  agreed  well  vrith  the  laboratory  calibrations  and  are  used  as  the 
primary  instrument  calibration. 

B.2.2  Dark  Field 

Dark  field  images  are  collected  with  the  lA'PI  door  closed.  The  pixel  brightness  results  from 
two  sources:  dark  current  in  the  photocathode,  microchannel  plate,  and  charge-coupled  device;  and  a 
fi.xcd  bias  voltage  on  the  readout  line.  The  dark  current  component  has  fixed  pattern  spatial 
variation.s  that  can  be  determined  accurately  by  averaging  a  large  number  of  frames.  The  bias  voltage 
compotient  contributes  some  spatially  and  temporally  random  noise. 

The  dark  field  average  used  for  calibration  of  the  Strypi  data  was  generated  from  data 
collected  during  the  Strj'pi  observation  pass  immediately  following  the  plume  observation.  This 
allowed  generation  of  D^,  the  dark  value  for  the  kth  pixel.  Previous  analysis  showed  that,  as  expected, 
average  dark  field  values  do  not  depend  on  microchannel  plate  gain  step.  However,  at  high  gain  steps, 
occasional  responses  due  to  cosmic  rays  or  thennally  generated  electrons  from  the  photocathode  are 
present. 


For  the  tracker  camera,  139  dark  field  images  were  averaged.  The  spatial  mean  of  the 
temporal  mean  pixel  values  is  19.6,  and  the  spatial  mean  of  the  temporal  standard  deviation  in  p;xel 
values  is  1.6.  For  the  plume  camera,  27  images  were  averaged.  The  spatial  mean  of  the  temporal 
mean  pixel  values  is  9.3,  and  the  spatial  mean  of  the  temporal  standard  deviation  in  pixel  values  is 
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B.2.3  Spatial  Nonuniformity 

Tracker  and  p’ume  camera  nonuni fomiity  matrices  were  gcncmtcd  by  using  several  images 
lookirig  down  at  the  ocean.  This  allowed  generation  of  Ut ,  the  gain  nonuniformity  correction  factor 
for  the  ith  pixel.  For  the  tracker  camera,  the  images  of  small  moving  cloud.s  were  removed  by 
selecting  the  minimum  value  in  a  temporal  sequence  of  imagc.s  on  a  pixe!-by-pixel  basis.  For  the 
plume  camera,  a  sequence  of  images  (taken  widi  filter  4,  235  to  350  nm  bandpass),  were  averaged. 
No  clouds  crossed  the  plume  camera's  field  of  view  during  the  sequence. 

For  the  central  91  by  112  pixels  transmitted  by  using  the  zoom  image  transmission  rate, 
overall  nonuniformiiy  is  less  than  5%. 

B.3.0  UVPI  DATA  ANALYSIS  METHODOLOGY 

B.3.1  An  Example 

The  derivation  of  radiometric  values  from  the  observed  photcevent  numbers  was  described  in 
Section  4.2.  An  example  here  illustrates  the  procedure  and  clarifies  the  significance  of  the  values 
presented  in  the  body  of  the  report. 

Some  reference  spectral  function  must  be  assumed  to  convert  the  photoevent  counts  to 
radiometric  values.  The  reference  function  R(X)  is  generally  taken  here  to  be  the  most  likely 
representation  of  the  plume  emission  available.  The  ampliuide  of  the  reference  function  is  arbitrary 
and  is  conveniently  set  by  tying  the  function  to  the  Planck  blackbody  furiction  below  300  nm.  The 
essence  of  the  radiometric  analysis  is  *Jie  determination  of  the  amplitude  of  this  refe’^cnce  function 
that  will  yield  the  observed  photoevent  counts. 

Suppose,  for  this  example,  that  the  observed  photoevent  count  is  1.0  for  a  single  plume- 
carncra  pixel  with  plume-camera  filter  4.  Then  the  amplitude  of  the  reference  function  is  calculated 
by  integrating  the  assumed  rekmnee  function  across  the  instrument  response  curve,  according  to  Eq. 
(3)  in  Section  4.2.2. 1,  such  thai  this  pbotoevent  count  would  be  observed.  Figs.  BIO  shows  this 
amplitude-scaled  reference  function  with  the  UVPI  instrument  response  using  filter  4  with  tenter 
wavelength  280  nrn,  full-width-half-maximum  56  nm,  and  nomipai  full  bandpass  235  to  350  nm. 


z 

c 

? 

w 

J 

c 

B 

C2 

rr 

D, 

ri 


Fig  BlO  -  Scaled  refercrcc  ^n':tion  L(k)  and  centroid  location  assuming  reference  spcctrun'i 


This  scaled  reference  curve  is  essentially  the  complete  answer.  L(X),  to  tlie  question  of  the 
radiometric  value  of  the  source.  This  curve  cannot  unambiguous'y  be  specified  as  a  single  number,  as 
is  needed  for  tabulation  and  for  graphing  against  other  variables,  e.g.,  time.  A  simple  means  of 
specifying  the  curve  is  to  specify  its  value  at  a  selec'^d  wavelength.  The  most  representative 
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wavelength  was  taken  to  b:  the  centroid  of  the  instnunent  response  as  weighted  by  the  reference 
shape,  according  to  Eq.  (13)  in  Section  4.2.3. 1.  The  reference  shape  is  so  strongly  variable  in 
wavelength  that  this  centroid  differs  substantially  from  the  center  wavelength  of  tlie  instrument 
response,  as  illustrated  in  Fig.  BIO.  One  could  choose  a  different  wavelength  for  specification  of  tlie 
reference  fimetion  and  thereby  change  the  utbuiated  spectral  radiance  without  changing  the  solution 
function  L(X)  at  all.  If  one  chose  to  specify  the  spectral  radiance  at  the  filter  peak  instead  of  the 
response  centroid,  for  example,  the  nominal  spectral  radiarce  would  be  changed  by  almost  a  factor  of 
two.  This  change  would  be  a  mater  of  numeric  specification,  not  a  real  change  to  the  spectral 
radiance  solution. 

Some  users  have  requested  that  the  observations  be  stated  as  radiances,  rather  than  a.«  spectral 
radiaixes.  Radiance  values  are  obtained  by  integmting  across  Uis  portion  of  the  reference  function 
speciHed  by  the  full  width  of  tlie  instrument  response  (the  full  width  integration  shown  in  Fig.  BIO). 
Again,  one  could  justifiably  redcfioe  the  spectral  width  of  the  integration,  such  as  taking  the  full- 
width-half-maximum  points  instead  of  the  full-width  endpoints,  and  change  the  quoted  radiance 
value  substantially.  Such  a  change  would  be  an  artifact  of  the  radiance  definition  and  would  not 
imply  any  real  ch^ge  to  the  reference  function  determined  from  the  data.  Comparisons  of  radiance 
numbers  must  be  based  on  identical  integration  ranges  to  be  valid.  Similar  considerations  apply  to 
spectral  radiant  intensity  and  radiant  intcasity  calculations. 

Tire  foundation  of  the  data  analysis  is  the  assumed  source  spectral  shape  R(k).  A  change  in 
the  asstimed  source  spectral  shape  will  trecessarily  change  all  the  numerical  results.  This  is  an 
unavoidable  and  well-known  difflculty  in  tire  analysis  of  radiometric  data  from  practical  instruments 

B.4.0  ON-ORBrr  CALIBRATION  Of  UVPI 

The  radiometric  calibration  constants  for  the  UVPI  have  been  confirmed  on  o.i)it.  This  was 
done  by  measuring  the  sensor  output  for  a  star  and  comparing  it  with  the  predicted  number  of 
frftotoevents  based  on  the  star's  spectrum  and  brightness.  The  ratio  of  these  two  quantities  is  the  gain 
conversion  factor  Gg  for  the  gain  step  used  in  tire  measurement  The  predictions  of  the  number  of 
{Aotoevents  from  a  star  are  based  on  measured  stellar  emission  spectra  obtaivred  by  the  International 
Ultraviolet  Explorer  GUE)  and  Orbiting  Astrophysical  Observatory  (OAO)  satellites  [21,221.  Spectral 
information  spaiming  tire  Balmer  discontinuity  and  extending  to  longer  wavelengths  was  obtained 
from  atmosphere-ccrrected  ground-based  measurements  [23]. 

! 

Figures  Bll  and  B12  show  calibration  tcsults  for  the  plume  camera  and  tracker  camera, 
respectively.  Figure  Bll  shows  calibration  points  for  all  four  plume-camera  filters.  The  solid  curve 
shown  in  each  figure  is  very  close  to  that  measured  before  launch,  and  these  star  measurements  are 
the  primary  calibration  for  the  UVPI.  The  stars  used  for  calibration  are  mostly  type  B  stars  cf 
sufficiently  high  temperature  that  they  are  strong  emitters  in  tiie  ultraviolet  and  make  any  long- 
wavelength  response  of  the  UVPI  insignificant  The  on-orbit  calibration  measurements  indicate  tha 
the  UVPI  res(X}nsivcncss  has  remained  constant  during  Uie  first  year  following  launch.  Section  4.6 
addresses  the  eiror  in  the  gain  conversion  factor  and  the  sources  of  error  that  affect  the  data  analyses. 
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Appendix  C 

PREFIJGHT  PLAIVNING 

Preflight  planning  consisted  of  deicrmiaing  the  cpiimal  launch  window  and  developing  the 
details  of  the  encounter  scenario.  These  arc  discussed  in  detaU  in  seaions  C.1.0  and  C.2.0  below. 

C.1.0  LAUNCH  WINDOW  AND  LAUNCH  TIME  SELECTION 

Based  on  the  predicted  Strypi  trajectoty,  the  launch  window  was  calculated  to  provide 
favorable  geonsetry  for  UVPI  viewing  of  the  Strjpi  flight  aiad  to  meet  the  constraints  of  the  various 
experiments.  These  constraints  included:  darkness  on  both  the  LACE  spacecraft  and  the  S;rypi 
vehicle,  and  the  moon  not  appearing  within  view  of  the  bow  shock  sensors  within  the  nose  of  tlic 
missile. 


Figure  Cl  shows  the  trajectory  visibility  plot  for  the  observation  on  18  February  1991,  bised 
on  the  planned  nominal  Strypi  trajectory  and  LACT  orbital  elements  used  during  the  observanon. 
The  X  axis  of  the  plot  shows  the  possible  launch  time,  in  seconds,  after  the  reference  GMT  of 
14:15:00.  The  y  axis  shows  the  time  into  the  trajectory  after  launch.  A  visibility  envelope  is  defined 
by  the  triangle  marked  (Time  First  Seen)  and  square  marked  (Time  Last  Seen)  lines.  A  point  within 
the  envelope  means  that  if  Strypi  was  launched*  at  tlic  time  corresponding  to  the  x  axis  value,  then 
Strypi  is  visible  to  UVPI  at  the  time  in  the  trajectory  denoted  by  die  y  axis  value.  The  visibility  limit 
was  based  on  the  50®  from  nadir  field  of  rcgaid  for  UVPI. 


DATE:  February  18.  1991  REF.  GMT:  14:15:00 
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Fi|.  Cl  -  Strypi  trcjcciory  visibility  plot 


The  following  is  an  example  based  on  Fig.  Cl.  If  Stiypi  was  launched  at  14:18:00,  180  s  after 
the  reference  GMT,  then  UVPI  would  first  be  able  to  view  Strypi  at  154  s  ai  liftoff,  which  is  just 
after  the  nominal  Anf^jes  i^tion  time  of  152  s.  UVPI  would  be  able  to  keep  Strypi  in  view  at  least 
until  338  s  after  laufiCn,  which  is  the  point  where  the  planning  trajcciory  ended. 
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An  acceptable  launch  window  must  meet  the  mission  requirements  of  viewing  the  Antares  and 
Star  27  bums  and  the  bow  shock  region.  By  using  Fig.  Cl,  the  launch  window  was  determined  to  be 
from  about  185  s  to  240  s  after  the  Reference  GMT,  i.e.,  from  14:18:03  to  14:19:00. 

Within  the  launch  window,  a  launch  time  was  selected  to  optimize  viewing  geometry  of  the 
highest  priority  portions  of  the  flight  in  terms  of  range  between  UVPI  and  Strypf,  aspea  angle,  and 
vignetting  of  the  UVPI  camera  image.  The  selected  launch  time  was  then  checked  to  ensure  that  it  fit 
in  with  the  UVPI  encounter  activities  without  jeopardizing  a  successful  observation.  This  was 
especially  important  for  the  launch  opportunity  on  18  February  1991,  since  there  were  only  a  few 
seconds  betvreen  expected  acquisition  of  signal  from  LACE  and  the  deadline  for  stopping  the  launch. 
The  optimum  launch  time  was  determine  to  be  14:18:35  GMT  based  upon  the  aforementioned 
factors.  The  nominal  encounter  geometry  for  this  selected  launch  time  is  shown  in  Fig.  C2. 


Fig.  C2  •  Strypi/UVPI  planned  encounter  geomeay  for  launch  at  14:18:33  GMT  on  18  Febniaiy  1991 


C2.0  ENCOUNTER  PREPARATIONS 

Preparations  for  the  UVPI-Strypi  encounter  required  development  of  a  detailed  sequence  of 
delayed-execution  commands  to  be  transmitted  to  the  spacecraft  prior  to  the  encounter.  Since  the 
encounter  time  was  so  short,  most  of  the  commands  had  to  be  prcloaded  to  operate  the  instrument 
automatically  with  only  a  few  select  commands  left  to  be  sent  by  the  ground  crew  in  real  time. 
Preparations  also  involved  verification  of  the  command  sequence  tlirough  both  ground  simulation 
and  flight  rehearsals.  Initial  command  sequence  verification  was  done  by  testing  the  delayed- 
execution  commands  along  with  the  real-time  commands  and  pointing  funct'ons  by  using  the  LACE 
Operational  Test  Bed  (LOTB),  a  complete  simulator  includirg  a  preprogrammed  target  trajectory. 
Finally,  to  test  the  cptire  system  and  encounter  timeline  in  actual  operation,  three  rehearsals  were 
conducted  with  the  spacecraft  observing  UV  ground  beacons  as  simulauid  plume  targets  at  the 
appropriate  time  of  day  on  each  of  several  days  just  prior  to  launch. 

C.2.1  Planned  Plume  Observation  Scenario 

this  is  thx  detailed  scenario  as  planned  for  the  encounter.  Table  Cl  is  the  timeline  of  events 
for  the  Strypi-UVPl  encounter.  Boldface  denotes  UVPI  delayed-execution  commands,  plain  text 
denotes  real-time  commands  or  ground  events,  and  italics  denote  outside  events  beyond  UVPI 
control. 
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Table  Cl  -  Timeline  of  Event?  for  tnc  Stryni  Observation 


Time 

(GMTT) 

iTime-Launch 

Deliyed  Execution 

Comir  jnd* 

1  Ground  OperatioriX 

Real-Time 

Commands 

— . . . 

Winury  upload 

4J1 

-«:47J5 

PGS3376 

Updii-  KP/  liJe 

Backup  #  1  uplucd 

&ul 

-8:17j? 

Vafb?577 

UpcUu  YAw_arnpi.d&: 

Backup  #2  upload;  BSM 
mctnior 

1257 

-I:41d5 

KHH5581 

Prepare  ovcci  t  ie 
(Pun 

ir/ECS_5581COM) 

DSMmoiaiior 

U:14lS0 

-003:45 

TuniUVPlan 

i4;T52r“ 

-003:10 

Tinkliiaua 

U;li4i 

5H230 

Stt  Intckcr  mu  gtla  to  10 

14:13:50 

^:4? 

laitkl^re  toktJMr 

14:16.00 

Se:  niter  to  4 

l4:l60g 

-0:1)207 

l/ud  iilAS^Afru  INTENSITY  nia 
block 

Acavtie  Vr'lM_55S2 

I4IIS35 

4^5136 

7  uroi  Mt  (rac^  A  ;!u3M 

Compute  118 

14:16:44 

■ooied 

Stt  exlra^ctitt  to  5 1. 

Compuic  198 

14554? 

553T30 

Stt  triio*  rccto  to  1:15 
(Plum*:  tracker) 

Cempuu  18 

14:16:51 

-M1:«4 

OpS^onrtSsioJFliuE) 

Compute  28 

145751 

:SJr54 

TicniooAGC 

145755 

-00103 

i'ura  c«  Up«  rocorder,  tafx  onlt  a 

B5753 

Swing  gimbrj  to  Ml  (Ax  ■  -53^  £1  ■ 

4J») 

14:17:18 

•001:17 

Swtnj;  glnhal  to  right  (ax  ■  EJ  x 

♦14n 

14:1703 

-001:12 

Turn  off  tap*  rocordcr 

14:1704 

5SoI51 

Point  to  ftar  (gamma  rslorum)  using 
INFUNC  118 

14;1705 

-001:10 

Sol  lost  track  fuDctlAa  1»8 

14:17:4? 

-<10030 

KHEJ  AOS  S‘ 

Open  door  1  step,  IS  rcq. 

Upload  HX  STAR  198 

Point  FIX  STAR  198 
(pred) 

Upload  SCAN  STAR 
118 

14:1  i50 

-000:15 

««  GOINO-CO  Dtcuion  »>> 

Point  SCAN  STAR  118 

CMV-OMT 

UpkMd  ANTARES  28 

<xcaa  itar> 

determine 

Upload  ROCKET  18 

Upload  PTX  StAR  198 
(calc) 

Point  FIX  STAR  198 
(calc) 

AcquLT  nk  STaR  IvA 

Pl;Tk  ratio  8  J! 

Zoocn  On 

Filler  Sequence  .>,2,1 

UMT - GMT 

000:00 

C<<<<<<<<<  srERYHUUNCn 
►  »»»>» 

Cotnputcinl  18 

mmm\ 

■liJil 

STRYfi  Caxur  BO 
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Table  Cl  -  Timeline  of  Events  for  the  Strypi  Observation  (Cont’d) 


1  Time 
l_(GMT) 

|Tune-l  uinch 

Deityed  Execution 

Commendx 

I  Ground  Operations 

Real-Time 

Commands 

14;19J7 

00132 

Vpdau  AfUerts  igputiam  timt  (d!4 1) 

Compute  inf  28 

143635^ 

K3I3i 

Set  nuer  to  4 

14:2(k34 

001Ji9 

Tura  off  zoom 

143C-J5 

ft0200 

3«t  thuBt  rtUo  to  2:8  (p:() 

Mio-ii 

6:61:61 

Ft>tailoU,U 

1430-jf 

00202 

Op«a  dasr  fuUir  for  STHYFI  viectaj 

M30J8 

00203 

ljiiilaiiz«  tr«cl£er 

1430:47 

002.12 

Load  MASS  AND  INtENSITY  r>*B  block 

Compule  18  (1  deg) 

Ujtioad  ANTARES  inf 

14;20J7 

0:02:22 

Point  to  STRYP!  usia^  INTUNC  28 

143631 

(Ttf!33 

Set  lo«t  trtcl;  FDNC  28 

l43tK)2 

0023? 

Turn  on  tape  recorder,  tape  unit  A 

143103 

Tune  Filter 

Acquire  ANTARES  w/ 
inf28 

1431.'07 

00232 

STRYPI  Aittaru  ifauiott 

0o4  4 

Zoom  On 

«>16  3 

Fl:lk8:2 

m3  5 

Filler  sequence 

1431:42 

0.03.07 

STRYP!  Anotres  BO 

23- end  1 

1431:47 

003:12 

Turn  off  zoom 

i431:4l 

50533 

Set  frame  ratio  to  2:8  (P:T) 

Comptoe  BOWSHK  28 

Upload  ROCkEt  inf  18 

1431:32 

003:17 

Turn  off  tape  recorder 

14:73:24 

003:49 

Turn  oQ  Upe  recorder,  tape  unit  A 

143338 

ooiJi 

Kiiat  to  Sl«YPluiine  InTUSTC 

143239 

CH)3:54 

Set  hMt  track  FUT'iC  18 

Acquire  ROCKET  w/inf 

18 

143330 

O.03J5 

Tune  filter 

143234 

0O3J9 

STRYPI  Star  27  ifniiim 

0-15  1 

Zoom  On 

I7T57  2 

KT  lalio  8:2 

29-CDd  3 

Filter  Sequence 

14:23:10 

00435 

Set  atrapoiatc  to  10  a. 

0-3  3 

143i:l0 

00433 

Set  tracker  «az  gale  to  11 

575  4 

143333 

004:40 

SlRYPISlarZfSO 

10- 13  3 

Unload  BOW  SHOCK 

143333 

554:45 

ilMpt  Bom  shock  start 

15*  18  2 

■  Point  IWSHSCK - 

1434:13 

005:38 

SfRYPI  LOS  (40km)  “ 

20 'Wd  3 

Aaivate  joyiuck 

1434:23 

005:48 

Turn  oft  ACC 

0343?” 

5S335 

&>k  track  and  piuiat  MCP  (atna  to  0 

143434 

063149 

Perk  giiobal  airrar 

143434 

005:49 

Turn  off  tape  recorder 

143133 

63SSS 

Tloaedoor 

03433 

0O6C0 

Start  Dark  Field  Data  T<Mt 

1434:37 

0.06:22 

Tura  00  tape  recordtr,  tape  naX  A 

033:15 

00643 

Turn  0(7  tape  recorder 

Three  minutes  prior  to  acquisition  of  signal  (AOS)  by  the  ground  station,  tlie  UVPl  is  turned 
on.  Two  minutes  later  the  UVPI  door  is  opened  and  two  star  patterns  are  observed  and  recorded  on 
the  UVPI  tape  recorder.  These  star  observations  provide  an  independent  set  of  data  to  confirm  the 
attitude  of  UVPI  during  oost-pass  analysis.  UVPI  then  points  to  the  main  target  star,  gamma  Velonini, 
with  a  slow  scan  pattern  in  the  yaw  direction  to  determine  the  yaw  attitude  of  Uic  spacecraft. 

At  Kihei,  the  UVPI  health  and  sutus  is  checked  by  the  LACTE  engineer.  If  the  UVPI  status  is 
in  any  way  deemed  unacceptable,  the  encounter  manager  will  declare  a  Sirypi  NO-LAUNCH 
condition.  Because  of  time  limitations,  initial  pointing  must  be  done  by  using  predicted  attitudes.  The 
fixed  star  function  based  on  the  mest  recent  predicted  attitude  will  be  transmitted  and  used  to  locate 
the  main  target  star,  gamma  Velorum.  If  the  target  star  cannot  be  located,  which  means  the  predicted 
attitude  caimot  be  verified,  a  NO-LAUNCH  condition  is  declared. 

On  the  other  hand,  if  the  cxfKrimcnt  stares  is  acceptable  and  the  predicted  attitude  is 
reasonable,  the  encounter  manager  will  aimounce  UVPI  as  GO  FOR  LAUNCH.  The  predicted 
scarming  function  is  thr.n  transmitted  and  the  star  yaw  scan  starts.  While  UVPI  is  scarming,  pointing 
functions  for  the  Antares  and  Star  27  stages  based  on  nominal  conditions  and  tlic  predicted  attitude 
are  transmitted. 


UVPI  is  commanded  to  point  to  gamma  Velorum  by  using  the  fixed  star  function  based  on 
the  predicted  attitude.  A  new  fixed  star  Kinction  is  generated  by  the  ground  softv/are  based  cn  die 
yaw  computed  from  the  slow  scan,  and  UVPI  is  pointed  at  the  refcrcrce  star  using  this  function.  The 
encounter  manager  will  then  select  the  better  yaw  value,  computed  or  predicted,  for  computing  the 
rocket  pointing  functions. 

Gamma  Velorum  is  acquired  to  collect  star  calibration  data  and  to  test  the  keypad  commands 
for  zoom  rate  transmission  of  images,  plume-to-trackcr  ratio,  and  filter  wheel  changes.  An  equal 
amount  of  data  is  collected  at  each  of  the  four  plume-camera  filter  wheel  positions. 

C.2.1.2  Anta'es  Plume  Observation 


After  the  star  calibration  data  activities  are  completed,  the  delayed-execution  commands  reset 
UVPI  in  preparation  for  viewing  the  Antares  rocket  plume. 

After  Strypi  is  launched,  the  actual  launch  time  is  incorporated  into  the  real-time 
computations  of  the  Antares  and  Star  27  rocket  pointing  functions.  About  80  s  after  launch,  the 
modified  Antares  ignition  time  and  trajectory  type,  i.e.  nominal  or  left,  right,  high  or  low  dispersed,  is 
incorporated  into  the  real-time  computation  of  the  Antares  pointing  function,  which  is  then 
transmitted. 


The  UVPI  door  will  open  fully  for  viewing  Strypi;  about  10  s  before  Antares  ignition  is 
expected,  UVPI  starts  pointing  at  the  expected  Strypi  trajectory  by  using  a  0.65°  radius  circular  scan 
with  a  16-s  period.  Tlie  scan  radius  was  selected  to  ensure  that  Strypi  would  appear  in  the  tracker 
camera  FOV  at  least  during  some  portion  of  the  circular  scan,  even  with  3-sigma  dispersion  of  the 
trajectory  and  expected  spacecraft  attitude  errors. 


BBBSSSigSa 
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Approximately  5  s  before  ignition,  the  command  to  acquire  is  sent.  Tnis  ensures  the 
minimum  possible  delay  between  ignition  and  lock-on  by  UVPI.  If  the  Antares  bum  is  not  seen 
within  about  10  s  after  expected  ignition,  a  new  pointing  ftmetion  with  a  1.0°  circular  scan  radius  is 
transmitted  and  implemented. 

After  the  Antares  bum  is  seen  and  the  tracker  is  in  the  process  of  locking  onto  it,  the 
command  to  start  the  data-gathering  sequence  is  sent.  This  single  command  starts  the  sequence  of 
delayed-execution  commands  configuring  UVPI  for  collecting  data. 

The  planned  filter  sequence  is  commanded  in  real-time  during  the  Antares  plume 
observation.  The  filter  change  sequence,  according  to  the  Strypi  Experiment  Requirements  Document 
(ERD)  [10],  is  shown  in  Table  C2.  The  Antares  stage  is  expected  to  bum  for  approximately  35  s. 


Table  C2  -  Planned  Plume-Camera  Filter  Sequence  for  Antares  Plume  ObscRation 


C.2.1.3  Star  27  Plume  Observation 

After  Antares  burnout,  the  delayed-execution  commands  reset  UVPI  to  normal  image 
transmission  rate  and  a  plumc-to-tracker  image  ratio  of  2:8.  The  newly  computed  pointing  function 
for  viewing  the  Star  27  bum  is  transmitted  between  Antares  burnout  and  Star  27  ignition.  At  least  6  s 
prior  to  Star  27  i^tion,  UVPI  is  commanded,  cither  by  real-time  or  delayed-execution  command,  to 
point  at  Strypi  using  a  0.5°  radius  circular  scan  with  a  period  of  16  s.  At  about  5  s  before  Star  27 
Ignition,  the  command  to  acquire  is  sent.  If  the  Star  27  bum  is  not  seen  within  about  10  s  after 
expected  ignition,  a  new  pointing  function  with  a  1.0°  circular  scan  radius  is  transmitted  and 
executed. 

After  acquisition  of  the  Star  27  plume,  the  commands  to  configure  UVPI  for  viewing  the 
plume  are  sent.  During  the  Star  27  plume  observation,  the  planned  filter  sequence  is  commanded  in 
real-time.  The  filter  change  sequence,  according  to  the  ERD  [10],  is  shown  in  Table  C3. 

Table  C3  -  Plaimed  Plume  Camera  Filter  Sequence  for  Star  27  Plume  Observation 


D«u  Intervtl 

Timr  After  Sur  27  Ignition 
(8) 

Filler  Wheel 
Position 

5 

o-rs  —  . . — 

k;-! 

6 

17-27 

PC-2 

7 

29  -  end  of  bum 

PC-3 

During  the  Star  27  bum,  the  UVPI  pointing  function  to  observe  the  bow  shock  portion  of  the 
trajectory  is  computed.  The  new  bow  shock  pointing  function  is  transmitted  during  the  bum, 
immediately  after  the  last  filter  change  command.  The  Star  27  stage  is  expected  to  bum  for 
approximately  41  s. 

C.2.1.4  Bow  Shock  Observation 

The  Strypi  bow  shock  region  is  expected  to  start  at  the  end  of  the  Star  27  bum.  If  UVPI 
keeps  lock  on  Strypi  during  this  portion  of  the  trajectoiy,  then  the  sequence  of  filters  shown  in  Table 
C4  would  be  commanded  as  specified  in  the  ERD  [10]. 
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Table  C4  -  Planned  Plume  Camera  Filter  Sequence  for  Bow  Shock  Observation 


If  the  tracker  would  have  lost  lock  on  Suypi,  then  the  following  actions  would  be  taken; 
UVPI  would  be  commanded  to  point  with  the  nonscanning  bow  shock  function;  normal  image 
transmission  rate  would  be  selected;  the  plume-to-uacker  image  ratio  would  be  changed  to  2:8;  the 
filter  changed  to  PC-4;  rnd  the  joystick  would  be  activated.  Tlie  joystick  operator  would  then  attempt 
to  bring  Strypi  into  the  plume-camera’s  field  of  view.  Radar  data  would  be  used  to  aid  the  joystick 
operator.  The  filter  changes  would  be  commanded  from  the  joystick  when  tfic  image  is  observed  in 
the  plume  camera. 

The  predicted  Strypi  bow  shock  period  is  expected  to  last  approximately  100  s  and  end  at 
about  40-km  altinide. 

After  the  bow  shock  observation  period,  dclayed-cxccution  commands  reset  IJVPI,  close  the 
door,  and  perform  a  dark  field  data  test,  'fhe  UVPI  is  turned  off  cither  by  real-time  aammand  or  by 
delayed-cxccution  command. 

C.2.2  LOTB  Testing 

Testing  on  the  LOTB  of  the  comma.ids  and  pointing  functions  used  during  this  encounter 
was  successfully  completed  on  17  February  1991.  The  delayed-cxecution  commands  and  pointing 
functions  were  transmitted  to  the  spacecraft  from  the  Vandenberg  TGS  during  LACE  pass  5577  at 
about  06;01  GMT  on  18  February  1991. 

C.2.3  Rehearsals  with  Ground  Beacons 

Five  live  rehearsals  v/ere  held  (13  -  17  February  1991).  The  last  two  were  unscheduled  and 
occurred  because  the  launch  attempts  on  those  days  were  canceled.  The  rehearsals  were  scheduled  for 
passes  that  had  similar  geometry  and  occurred  at  about  the  same  time  of  day  as  the  launch  p.iss.  Each 
rehearsal  was  de-signed  to  follow  as  closely  as  passible  the  timeline  of  ifie  actual  encounter  pass.  This 
provided  the  UVPI  encounter  team  with  practice  in  completing  their  activiues  in  the  time  required  to 
successfully  observe  Strypi  during  the  actual  encounter.  The  rehearsals  al.so  provided  opportunities  to 
test  the  radar  support  to  the  joystick  operator  and  the  range  radar  data  li.n!:  with  the  Sandia  National 
Laboratories  team  at  Kauai. 

Ground  beacons  were  used  to  simulate  a  pliune  target  for  the  rehearsals.  For  the  first  two  and 
the  last  rehearses,  a  ground  beacon  located  at  the  I  GS  site  on  Maui  was  used  as  a  target  to  verify  the 
attitude  determination  and  pointing  functions  used.  On  the  third  and  fourth  rehearsals,  the  beacon 
was  located  near  the  launch  site  on  Kauai.  The  ground  beacon  at  each  site  consisted  of  two  6000-W 
metal  halide  bulbs.  The  beacons  were  switched  on  and  off  to  coincide  with  Uie  igriition  and  burnout 
of  the  Antares,  Star  27,  and  bow  shock  stages  of  the  Strypi  trajectory  relative  to  the  simulated  launch 
time. 

Software,  hardware,  and  operational  problems  were  encountered  in  ilie  rehearsals  and  were 
resolved  in  time  to  ensure  a  successful  observaUon  of  Strypi  on  18  February  1991. 
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TRACKER  PERFORMANCE 


D.1.0  SERVO  PERFORMANCE 

The  tracker  commands  to  the  gimbal  ser/o  electronics,  to  compensate  for  uacking  error,  are 
calculated  as  a  function  of:  the  target  position  (x  and  y  tracker  errors)  on  the  tracker  camera  focal 
plane,  and  an  error  gain  correction.  This  function  transforms  the  gimbal  position  to  the  appropriate 
gimbal  commands  necessary  to  position  the  gimbal  mirror  such  that  the  tracking  errors  are  driven  to 
zero.  In  the  following  expression,  the  gain  coefficients  C  and  F  arc  nominally  set  to  zero.  The 
equation  is: 

r^i = r  A®  + r  ^  1 

where 

and 


is  azimut'  , 
6,  is  elevation, 


'  At 

1 

1 

1 

7 

200.(6) 

DE 

^  2oo.^(<I>) 

Figure  D1  shows  the  plot  of  the  error  gain  corrections  for  converting  the  focal  plane  tracking 
errors  into  gimbai  angles.  A  comparison  of  the  values  of  the  coefficients  A,  B.  D,  and  E,  with  their 
calculated  values  based  on  the  gimbal  angles  and  ^rackcr  errors,  confirms  that  tliese  equations 
correctly  describe  the  servo  mechanism. 


Fig.  D1  -  Gtin  coefneients  vs  time 


D.1.1  Antares  Acquisition 

The  tracking  errors  for  the  acquisition  of  the  Antares  rocket  are  plotted  as  a  function  of  time 
in  Fig.  D2.  The  tiiickcr  servo  response  is  determined  from  this  plot  as: 
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Rise  time 
%  Overshoot 
Settling  time 


X TRKERR 
<0.2  s 
-  171% 

<  1.2  s 


Y TRKERR 

<  0.43  s 
-24% 

<  1.2  s 


Fig.  D2  •  Antaies  acquisition  tracking  error  vs  ame 


These  results  compare  favorably  with  the  prior  laboratory  tests  and  tracker  simulation  results. 
The  large  overshoot  is  attributed  to  the  "type  3"  servo  implementation,  which  provides  zero  steady 
state  tracking  error  when  tracking  an  accelerating  target. 

D.1.2  Star  27  Acquisition 


The  tracking  errors  for  the  acquisition  of  the  Star  27  rocket  are  plotted  as  a  function  of  time 
in  Fig.  D3.  The  tracker  servo  response  is  determined  from  this  plot  as: 


Rise  time 
%  Overshoot 
Settling  time 


ATTIiKERR 
<0.17  s 
-  65% 

<  1.2  s 


Y TRKERR 

<  0.54  s 
-  13% 

<  1.2  s 


TME(»ai4 


Fig.  D3  -  Star  27  icquisidcn  tracking  error  vs  time 
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These  results  compare  favorably  with  the  prior  laboratory  tc:  a  and  tracker  simulation  results. 
The  large  overshoot  is  attributed  to  the  "type  3"  servo  iniplcnicn‘ari.3u,  which  provides  zero  steady 
state  tracking  error  when  tracking  ;  .a  accelerating  target. 

D.1.3  Con:pan.son  With  Previous  Encounters 

The  comparison  of  servo  responses  from  previous  encounters,  f  Mhka  and  Starbird,  is  given  in 
Table  Dl.  This  table  shows  that  the  ser/o  response  has  remained  consistent  throughout  all  the 
encounters. 


Table  Dl  -  Comparison  of  Servo  Responses 


Overshoot 

(%) 

Rise  Time 

(s) 

Sculing  Time 
(ri 

X  Trucking  Error 

STinlcI"" 

40 

0.2 

1,0 

!>lArbird  3rd  StaTC 

iw 

0.11 

1  2 

Surbini  4{h  oia;',c 

25 

0.3i 

! 

Antares 

171 

111 

1.2 

SuTT^ 

65 

0.17 

1.2 

Y  Tracking  Error 

Nthka 

38 

0.2 

1.0 

Suriiird  3rd 

3(4 

0,25 

1.3 

Surbird  4ih 

2« 

0.31 

1.3 

Antarei 

34 

Bn 

1.2, 

Suf  27 

13 

1.2 

D.2.0  iUACKING  ERRORS 

D.2.1  Tracking  Errors  During  Antares  Burn 

The  four  intervals  chosen  fer  analyzing  the  tracker  performance  during  the  Antares  bum  arc 
approximately  centered  at  If?  170,  180,  and  188  s  after  Strypi  launch.  Figures  D4  and  D5  present 
the  tracking  error  and  video  signal  for  Uie  co.Tiplctc  Antares  bum.  Comparing  Figs.  D4  and  D5 
indicate.s  tliat  when  a  strong  video  signal  is  present,  that  is,  when  the  peak  video  is  almost  full  scale 
and  the  average  signal  is  approximately  lO*?®  of  full  scale,  tracking  errors  arc  near  zero. 

The  four  intervals  arc  identified  in  Table  D2  and  their  tracking  errors  arc  plotted  in  Figs.  D6 
through  D13.  The  conversion  from  x-pixels  to  microradians  is  60  microradians  per  pixel  and  the 
conversion  from  y-TV  lines  to  microradians  is  143  microradians  per  TV  line.  Note  that  the  bias  in  the 
y-direction  (Y  TRKERR)  is  approximately  -0.5  pixel  and  the  error  in  the  x-dircction  (X  TRKERR)  is 
±1  pixel  in  the  tracker-camera  focal  plane.  The  target  size  is  nominally  600  prad  in  both  the  x- 
dircetion  (10  pixels)  and  the  y-direction  (4  pixels)  on  the  tracker-camera  focal  plane.  Occasionally, 
tlie  target  size  jumps  to  double  the  nominal  size.  This  is  attributed  to  transients  and  docs  not  affect  the 
tracker  perfomance. 


Tabic  D2  -  Antares  Data  Intervals  and  Figure  Numbers 


Interval 

Frames 

Figoie 

Parameter 

1 

lu^ioic  10,54? 

X.i  1  racki^'g  hrror 

D7 

X,Y  Tar^'rrl  Sl7r 

2 

U) 

X.t  i  rack  mg  hrror 

D9 

X.Y  Tarjzci  Si7£ 

3 

iWo3  to  11.190 

A./  Iradkiiip,  hrror 

Dll 

X  Y  Trrt:*t  Size: 

4 

1 1^06  lo  n,*4l3 

rji3 

X.Y  I  racking  hrror 

on 

X.Y  Ttrgci  St7c 

XTRKERR  (Microrad) 
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Fig.  DIO  •  X  md  y  tricking  errors,  inlerval  3 
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Fig.  D1 1  -  X  ard  Y  Urgei  ti2e,  interval  3 


TGTSIZEX(Mic?Dfac^  TGTSIZEY  (Microrad)  TRKERRX  (MiCforad)  JRKERRY  (Mk^rad;. 


186 


H.W.  Smothers  et  at. 


I 


Fig.  DI3  -  X  uid  Y  target  tize,  interval  4 
D.2.2  Tracking  Errors  During  Star  27  Burn 

The  three  intervals  chosen  for  analyzing  the  tracker  performance  during  the  Star  27  bum  are 
approximately  centered  at  250,  262,  and  270  s  after  Strypi  launch.  During  this  bum,  the  peak  video 
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(Fig.  D14)  signal  varied  between  60  and  100%  of  full  range.  The  low  peak  video  level  is  attributed  to 
Uie  weak  Star  27  signature  and  the  fact  that  the  tracker  camera  gain  was  not  allowed  to  exceed  level 
10. 
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Fig.  D14  •  Average  and  peak  video  during  Star  27  bum 


The  three  intervals  are  identified  in  Table  D3  and  their  tracking  errors  are  plotted  in  Figs. 
D15  through  D20.  The  bias  in  the  j’-direction  (Y  TRKERR)  is  approximately  -0.5  pixel,  and  the  error 
in  the  x-direction  (X  TRKERR)  ranges  from  ±1  to  ±  20  pixels  in  the  tracker  camera  focal  plane.  This 
large  tracking  error  is  more  evident  as  the  Star  27  nears  burnout.  The  target  size  is  nominally  25, OCX) 
prad  in  both  the  ^-direction  (400  pixels)  and  the  y-direction  (175  pixels)  on  the  tracker-camera  focal 
plane.  The  large  target  size  on  the  tracker-camera  focal  plane  may  be  attributed  to  the  fact  that  the 
Star  27  was  coning  during  its  thrusting  period  and  thereby  spreading  the  plume  over  a  larger  area. 


Table  D3  -  Star  27  Data  Intervals  and  Figure  Numbers 


Intervtl 

Prune* 

Figure 

Puuneier 

13,142  to  13,239 

X,Y  Tracking  Error 

mSSMi 

Af.y  Target  Size 

6 

13,489  to  13,599 

mEsam 

X,Y  Tracking  Error 

;if.yTugeiSize 

7 

13.677  to  13,928 

At.)' Tracking  Error 

Af.y  Target  Size 
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Fig.  D19  -  X  md  Y  tracldng  aton,  interval  7 
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Fig.  D20  •  X  and  y  target  size,  interval  7 
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Appendix  E 
UVP!  PARAMETERS 

This  ai^i/lix  collects  parameters  and  information  that  are  useful  for  analyzing  the  data  by 
using  different  assumptions  for  the  source  spectrum.  The  average  number  of  photoevents  per  scrond 
for  each  of  the  intervals  analyzed  in  this  report  is  recorded  in  Table  El.  Table  E2  lists  the  net 
quantum  efficiency  in  5-nm  steps  for  the  tracker  camera,  and  Table  E3  lists  plume-camera  net 
quantum  efficiency  for  each  of  the  four  filters. 


Table  El  -  Average  Number  of  Photocvcnts/Sccond 


1  Plume  Camera 

1  Traciter  Camera  | 

Interval 

Stage 

1  Filter 

Bandpass 

(nm) 

I  Photoevenis/a 

Bandpaai 

(nm) 

Photoevenls/a* 

1 

Ant  ares 

»>C-4 

235-350 

1.46  X  1C* 

255-450 

2.76  X  KP 

2 

An  tares 

PC.3 

195-295 

9.75  X  102 

255-450 

5.13  X  lO* 

3 

Antarea 

PC-2 

300-320 

1.91  X  10’ 

255^50 

5.78  X  lO^ 

4 

Antares 

PC-1 

220-320 

3.52  X  10’ 

255-450 

4.22  X  10* 

5 

Star  27 

PC-1 

220-320 

4.58  X  102 

255-450 

5.32  X  10* 

6 

Star  27 

PC-2 

300-320 

2.17  X  102 

255-4.50 

5.37  X  10* 

7 

Star  27 

PC-3 

195-295 

U6  X  102  255-430 

4.57  X  10* 

*  For  central  19  x  19  pixels 


Table  E2  -  Net  Quantum  Efficiency  for  Tracker  Camera 


Wavelength  (nni) 

Tracker  NQE 

1  Wavelength  (nm) 

Tracker  NQE 

2M 

.ax)5<i8 

360 

.0)8705 

265 

.00181 

365 

.01 87.83 

270 

.no39';3 

370 

.01822? 

273 

.005878 

375 

.01797 

280 

.0073 

380 

.018615 

285 

.008858 

385 

019'J.'8 

290 

.008895 

390 

.018285 

295 

•OlOHJg 

395 

.01881 

300 

.01209 

400 

.018833 

303 

.014023 

405 

,017865 

310 

.014'nS 

410 

.018083 

315 

.012263 

415 

.016418 

320 

.01428 

420 

.0!641* 

325 

.017858 

425 

.016148 

330 

.017355 

430 

.016148 

335 

.015248 

4.15 

.013883 

340 

.011235 

440 

.010938 

343 

.014745 

44$ 

.00179 

350 

.017145 

450 

.000088 
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Table  E5  -  Gain  Conversion  Facior  G,  for  Plume  Camera 


Gun  3:£p  g 

Gain  Convenion  Factor 
(digitil  nxanber  prr  photocvtnt) 

(i 

I 

.03/10) 

A- 

.(XiV  •'kfl 

3 

.104575 

4 

.16.^567 

5 

.377;'/,8 

6 

7 

2Ji3852 

i 

ri2'»34 

9 

10.Stir77 

10 

23.I9lr.7 

11 

39.75714 

12 

■77.57491 

13 

143.6387 

14 

2iOT2T 

\S 

29i9474 

A  scaled  version  of  the  beacon's  point  spread  function  (PSF)  for  the  plume  camera  is 
presented  in  Table  E6  in  the  form  of  a  16  by  16  pixel  array.  The  intensity  values  were  scaled  such 
that  the  brightest  pixel  will  map  h)  1.  A  row  of  intensity  values  representative  of  the  fjU-widtli-lrlf- 
maximum  is  highlighted  in  bold  type.  For  the  ground-based  beacon,  the  equivalent  fuU-width-h,;-,.'’- 
maximum  of  Uv'  PSF  along  the  major  axis  is  about  40  m  at  a  range  of  450  km.  A  similar  array  for 
tile  tracker  camera's  PSF  is  presented  in  Table  E7. 


Table  E6  -  Scaled  Version  of  Plume-Camera  PSF  Based  on  Ground  Beacon 


O.IM 

0.133 

0.125 

0.116 

o.ni 

0.135 

C.130 

O.IV 

0.144 

0.167 

OlV 

0111 

0102 

0.0*1 

03774 

0.093 

0.111 

0.101 

0106 

0.111 

0.1*5 

0.139 

01a 

0.300 

0237 

OJO* 

0  194 

0116 

00*7 

0.0*7 

006* 

0.10« 

aio2 

o.io; 

o.in 

0.116 

0.144 

OIM 

0313 

0.344 

0351 

0341 

0.1*5 

OIM 

0.135 

0.0*7 

0079 

0.106 

0097 

0.0*3 

0.111 

0.130 

0.167 

0^1 

0.3  U 

0404 

0.399 

0-U6 

03*3 

0*200 

0.116 

0.102 

0X4* 

Hn 

0.103 

0.097 

0.120 

0.144 

0.3CM 

0^57 

0JI3 

0J34 

0.311 

0433 

044* 

0.157 

0.134 

0.116 

00*7 

0074 

0003 

0.0*7 

0111 

0.134 

O.Ml 

0.511 

0.762 

0.730 

eJ04 

f  JOO 

0413 

o.r6 

0.161 

0.111 

C.063 

0.013 

IS 

0.103 

0.130 

0.144 

0360 

CJBI7 

dJOl 

0JI«* 

0.936 

0495 

0  623 

0.506 

0.S65 

0.146 

0.111 

0.060 

0093 

0.0*7 

0.130 

ai=i 

6.344 

6.T34 

6l91S 

.091 

6L9M 

6i*?6 

*.T3* 

6.911 

o.2n 

0.1.93 

00*7 

0.06S 

C079 

0.103 

0.130 

0.30* 

0.400 

040* 

0.633 

attt 

OJ’* 

(•677 

0.660 

0.367 

0.309 

0.130 

dO*7 

O.OTf 

0079 

0.0*3 

0.110 

0.173 

0.316 

0J16 

06*7 

3744 

06n* 

04:3 

04T7 

0.30* 

0.111 

0.106 

0.063 

OOG9 

0.0*7 

0.130 

0.134 

0.344 

047* 

0631 

C47* 

0413 

0.343 

7374 

0.162 

B9 

0.0*3 

0063 

0  080 

0065 

O.iTrt 

o.on 

HU 

0.114 

0404 

IPB 

0.331 

0360 

0J23 

f  1*6 

013* 

0.135 

0.0*7 

007* 

0.079 

0074 

o.on 

0.(779 

0.106 

0.141 

0.2J7 

0.21* 

0.211 

0.191 

0167 

0.IU 

0  116 

o.or 

b.066 

0.06* 

0.(774 

0074 

o.w* 

o.on 

0.07* 

0.111 

0.167 

0144 

0-IC7 

0.:53 

0.J37 

0150 

00*3 

o(3n 

<1.0«5 

0049 

0.060 

0060 

0.074 

o.(n4 

o.on 

0.0*7 

0.134 

0.114 

0.116 

0106 

0.0*^ 

oon 

0C63 

0.06* 

olftM 

0045 

0065 

0.065 

00*3 

0.07* 

0J*3 

00*3 

0^47 

00*3 

077* 

0  07* 

OOT* 

am 

B 

0069 
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Tabic  E7  -  Sealed  Vendon  of  Trackcr-Canicra  PSF  Ba5cd  on  Ground  Beacon 


OflH 

0  041 

(1917 

i 

0  047  ' 

:||ii 

0054 

0050 

0  024 

0  054 

m 

] 

0054 

00m 

0  047  1 

0  W1 

0  012 

ews 

0  017 

0.(fM  1 

8(M7  ! 

cim  j 

n 

0  017 

0  017 

0012 

OQOi 

0051 

0001  1 

0M2 

0000 

i 

0.027  : 

0  025 

0(M7 

0010 

0  0l«  1 

i 

ti04l 

fiifU 

0054 

Oi?55 

H9 

0015 

OOU 

«  e«  i 

0024  1 

0  055  ! 

OOTT 

0052 

0.044 

on>4 

1 

oon 

0  052 

0015 

0  052 

0054 

00)4 

0.054 

0.014 

0017 

1 

0012 

002a 

OMI 

0077 

0041 

004S 

OCHS 

in 

ojn* 

ttm 

0  047 

0  015 

0044 

0047 

0054 

0002 

0077 

0042 

i 

002a  ' 

01564  ' 

eei5 

0045 

0001 

0.0«1 

002* 

0.045 

0057 

0054 

0057 

0001 

0054 

0.041 

0017 

0043 

0  077 

1 

Cim  i 

0024 

ttm 

0M« 

0  045 

OOM 

0  047 

0050 

0  014 

0174 

eifli 

0  042 

0077 

0054 

0045 

COM 

0  044 

0  055 

oorr? 

e.oM 

.0041 

0  055 

0047 

0212 

0.704 

0.S11 

OOil 

0047 

0  051 

0011 

0026 

oon 

0015 

OOV) 

0011 

0077 

0  052 

0  057 

oorr 

0777 

m 

B 

0  074 

0  054 

0014 

0044 

0010 

0010 

0M1 

0017 

OQM 

0017 

0021 

0011 

0  041 

OMI 

0105 

0  055 

00*7 

0040 

0  074 

C052 

0  021 

0077 

0.010 

OJP12 

omi 

0057 

0  075 

0  047 

0  070 

0075 

0057 

0040 

0055 

0012 

0054 

0054 

0031 

0(^2 

owo 

0050 

m 

0014 

0027 

0050 

0054 

0042 

0  017 

0  012 

0044 

coil 

0  057 

0  017 

0027 

0015 

0.02a 

0075 

0054 

0020 

0  051 

omo 

0057 

0027 

0057 

0  042 

0051 

0  052 

0054 

0041 

0045 

0  074 

o.oa 

OOM 

0  042 

0042 

0047 

0  07.1 

OfMI 

9011 

0054 

0  0)1 

1  0054 

1  oott 

0011 

0  027 

B 

0C*4t 

0.045 

0077 

0024 

0025 

QOU 

0.041 

0  057 

0031 

oont 

con 

1 

1  0011 

1  09JS 

0011 

0  055 

OOfI 

0  040 

0.043 

cosi 

0077 

005« 

OWI 

0  024 

0015 

0077 

0040 

0  015 

0040 

0027 

003a 

002a 

1  0057 

0  017 

Finally,  Table  E8  lists  all  frames  recorded  for  this  encounter.  The  time  and  frame  number  are 
recorded  in  the  first  two  columns.  Note  that  the  frame  number  carries  a  trailing  P  if  it  is  a  plume 
camera  frame  and  a  trailing  T  if  it  is  a  tracker  camera  frame.  The  third  column  lists  the  filter  wheel 
position  if  it  is  a  plume-camera  frame.  A  filter  wheel  position  of  0  denotes  a  tracker  camera  frame. 
The  next  two  columns  indicate  the  exposure  time  for  the  frame.  For  the  plume  camera,  this  is  fixed  at 
•/5oth  of  a  second,  but  it  is  variable  for  the  tracker-camera,  with  a  maximum  allowed  value  of  */30th  s. 
The  next  two  columns  list  the  tracker  camera  and  plume  camera  gain  steps. 

For  the  zoom  image  transmis.sion  rate,  30  Hz,  each  telemetry  frame  carries  one  image.  For  the 
normal  image  transmission  rate,  5  Hz,  six  telemetry  frames  carry  one  image. 

UVPI  mission  time  (UMT)  is  related  to  GMT  for  the  Strypi  observation  pass  by: 

UMT  =  GMT  +  (0.29  +  Frame  •  1.06  x  10‘*)  seconds. 
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Tabic  E8  -  Telemetry  Frames  and  Camera  Parameters  (Cont’d) 
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Table  E8  -  Telemetry  Frames  aijd  Camera  Parameters  (Cont’d) 
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Table  E8  -  Telemetry  Frames  aiul  Camera  Paroncicrs  ,  'ent’d) 
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Tabic  E8  -  Tclcmciry  Frames  and  Camera  Parameters  (Coni’d) 
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Table  E8  -  Telemetry  Frames  and  Camera  Parameters  (Cont’d) 
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Table  E8  -  Telemetry  Frames  and  Caanera  Parameters  (Cont’d) 
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Table  E8  -  Telemetry  Frames  and  Camera  Parameters  (Cont’d) 
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1  1  Fnme 

1  hiirr 
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1  irftcktr  hxp. 
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■ffiSSH 

33J 

— n — 

■■■^■il 

I3543P^ 

3 

33J 

10 

13 
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Appendix  F 

STRYPI  TRAJECTORY  PARAMETERS 


The  following  tables  present  various  Strypi  trajectory-related  parameters  as  a  funaion  of 
time.  The  tirst  column  in  each  table  is  TALO,  time  after  liftoff,  in  seconds.  Table  FI  shows  the 
rocket's  position  in  Earth  center-fixed  (ECF)  coordinates  and  the  rocket's  speed.  Table  F2  shows  the 
aspea  angle,  the  angle  of  attack,  and  the  distance  between  the  satellite  and  the  rocket  The  aspect 
an^e  is  defined  as  the  angle  between  the  line-of-sight  (LOS)  vector  from  the  satellite  to  the  target 
point  and  the  longitudinal  axis  of  the  rocket  The  angle  of  attack  is  defined  as  the  angle  between  the 
longitudinal  axis  of  tlte  rocket  and  its  velocity  vector.  Table  F3  shows  the  rocket's  altitude,  geodetic 
latitude,  and  longitude.  These  data  were  provided  by  Sandia  Laboratories. 


Table  FI  -  Rocket  Position  and  Speed  in  ECF  Coordinates 


TALO(i) 

XPOSOm) 

yPOS(bn) 

1  ZPOSflmi) 

SPEED 

130 

-3657.022 

-2069.442 

2387.759 

0.315 

ISl 

-5657.276 

-2069.424 

2387.575 

0.311 

132 

-5657.324 

-2069.402 

2387.388 

0.307 

133 

-3657.763 

-2069.378 

2387.197 

0.303 

134 

-5637.993 

-2069.350 

2387.002 

0.300 

133 

-3658.216 

-2069.320 

2386.804 

0.302 

136 

-5658.433 

-2069.299 

2386.595 

0.320 

137 

-5658.649 

-2069.308 

2386.360 

0.340 

138 

-3658.864 

-2069.348 

2386.099 

0.365 

139 

-5659.079 

-2069.420 

2385.813 

0.396 

160 

-5659.294 

-2089.526 

2385.498 

0.430 

161 

-5659.509 

-2069.668 

2385.154 

0.467 

162 

-5659.725 

-2069.847 

2384.781 

0.509 

163 

-5659.942 

-2070.066 

2384.376 

0.553 

164 

-5660.161 

-2070.326 

2383.940 

0.600 

53 

-5660.382 

-2070.628 

2383.471 

0.650 

166 

-3660.606 

-2070.972 

2382.967 

0.703 

167 

-3660.831 

-2071.363 

2382.429 

0.757 

168 

-5661.060 

-2071.800 

2381.854 

0.813 

169 

-5661.293 

-2072.287 

2381.243 

0.874 

170 

-3661.329 

-2072.823 

2380.594 

0.937 

171 

-5661.769 

-2073.411 

2379.905 

1.000 

172 

-5662.014 

-2074.050 

2379.177 

1.067 

173 

-3662.263 

-2074.746 

2378.407 

1.134 

174 

-3662.318 

-2075.496 

2377.596 

1.204 

173 

-5662.778 

-2076.304 

2376.742 

1.276 

176 

-3663.043 

-2077.170 

2375.844 

1.348 

177 

-3663.314 

-2078.096 

2374.902 

1.423 

178 

-5663.591 

-2079,082 

2373.914 

1.499 

179 

-3663.874 

-2080.130 

2372.880 

1.578 

180 

-3664.164 

-2081.242 

23 VI. 8  00 

1.657 

f 
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Table  FI  -  Rocket  Position  and  Speed  in  ECF  Coordinates  (Cont’d.) 


TALO(s)  I  XPOSflon)  |  Y?OS(kin)  1  ZPOS  (km)  j  SPEED  (km/s) 


-5664.461 


-5664.765 


-5665.078 


-5665.399 


-5665.731 


-5666.071 


-5666.421 


-5666.782 


-5667.153 


-5667.535 


-5667.924 


-5668.308 


-5668.635 


-5669.053 


-5669.414 


-5669.767 


-5670.111 


-5670.449 


-5670.777 


-5671.099 


-5671.412 


-5671.716 


-5672.014 


-5672.303 


-5672.584 


-5672.857 


-5673.123 


-5673.379 


-5673.629 


-5673.870 


-5674.104 


-5674.329 


-5674.546 


-5674.756 


-5674.958 


-5675.151 


5675.336 


-5675.514 


-5675.684 


-5675.845 


-5675.999 


-5676.144 


-5676.282 


-5676.412 


-5676.533 


-5676.647 


-5676.753 


-2082.419 


-2083.664 


-2084.979 


-2086.366 


-2087.825 


-2089.359 


-2090.972 


-2092.663 


-2094.434 


-2096.287 


-2098.208 


-2100.141 


-2102.073 


-2104.003 


-2105.929 


-2107.852 


-2109.773 


-2111.690 


-2113.605 


-2115.517 


-2117.425 


-2119.331 


-2121.233 


-2123.132 


-2125.029 


-2126.922 


-2128.812 


-2130.700 


-2132.584 


-2134.464 


-2136.342 


-2138.217 


-2140.089 


-2141.957 


-2143.822 


-2145.684 


-2147.544 


-2149.399 


-2151.252 


-2153.102 


-2154.949 


-2156.792 


-2158.633 


-2160.470 


-2162.304 


-2164.134 


-2165.962 


2370.671 


2369.494 


2368.265 


2366.984 


2365.649 


2364.259 


2362.812 


2361.309 


2259.747 


2358,127 


2336.457 


2.’ ^1.774 


2353.087 


2351.396 


2349.701 


2348.003 


2346.301 


2344.596 


2342.887 


2341.175 


2339.459 


2337.739 


2336.017 


2334.290 


2332.561 


2330.827 


2329.091 


2327.351 


2325.607 


2323.860 


2322.110 


2320.356 


2318.599 


2316.838 


2315.074 


2313.306 


2311.535 


2309.761 


2307.983 


2306.202 


2304.418 


2302.630 


2300.838 


2299.044 


2297.246 


2295.445 


2293.640 


2.585 


2.584 


2.583 


2.583 


2.581 


2.580 


2.580 


2.579 


2.578 


2.578 


2.577 


2.577 


2.576 


2.575 


2.575 


2.574 


2.574 


2.573 


2.573 


2.572 


2.572 


2.572 


2.571 


2.571 


2.571 


2.571 


2.571 
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Table  FI  -  Rocket  Position  and  Speed  in  ECF  Coordinates  (Cont’d.) 


TALO(s)  I  XPOSOon)  I  YPOS  (km)  |  2a>OS  (km)  I  SPEED  (km/s) 


-5676.851 


-5676.941 


-5677.023 


-5677.097 


-5677.163 


-5677.221 


-5677.271 


-5677.313 


-5677.347 


-5677.373 


-5677.391 


-5677.401 


-5677.402 


-5677.399 


-5677.395 


-5677.378 


-5677.352 


-5677.324 


-5677.291 


-5677.245 


-5677.192 


-5677.139 


-5677.076 


-5677.002 


-5676.925 


-5676.844 


-5676.752 


-5676.653 


-5676.551 


-5676.443 


-5676.325 


-5676.200 


-5676.074 


-5675.940 


-5675.796 


-5675.648 


-5675.498 


-5675.340 


-5675.172 


-5675.001 


-5674.827 


-5674.647 


-5674.458 


-5674.262 


-5674.066 


-5673.866 


-5673.659 


-2167.787 


-2169.608 


-2171.426 


-2173.241 


-2175.054 


-2176.863 


-2178.668 


-2180.471 


-2182.269 


-2184.066 


-2185.859 


-2187.649 


-2189.450 


-2191.282 


-2193.139 


-2195.022 


-2196.940 


•2198.889 


-2200.864 


-2202.870 


-2204.909 


-2206.976 


-2209.070 


-2211.196 


-2213.355 


-2215.544 


-2217.765 


-2220.024 


-2222.320 


-2224.651 


-2227.021 


-2229.434 


-2231.890 


-2234.386 


-2236.929 


-2239.522 


-2242.162 


-2244.848 


-2247.588 


-2250.385 


-2253.237 


-2256.143 


-2259.112 


-2262.146 


-2265.245 


-2268.408 


-2271.635 


2291.832 


2290.020 


2288.205 


2286.387 


2234.566 


2282.741 


2280.912 


2279.081 


2277.246 


2275.408 


273.566 


2271.721 


2269.862 


2267.972 


2266.043 


2264.072 


2262.066 


2260.024 


2257.939 


2255.816 


2253.658 


2251.462 


2249.224 


2246.950 


2244.639 


2242.285 


2239.887 


2237.448 


2234.965 


2232.433 


2229.852 


2227.225 


2224.545 


2221.810 


2219.021 


2216.179 


2213.278 


2210.315 


2207.251 


2204.206 


2201.054 


2197.832 


2194.539 


2191.176 


2187.738 


2184.222 


2180.627 


2.570 


2.571 


2.570 


2.570 


2.570 


2.570 


2.571 


2.570 


2.570 


2.570 


2..571 


2.588 


2.632 


2.678 


2.726 


2.775 


2.824 


2.872 


2.921 


2.969 


3.017 


3.065 


3.114 


3.163 


3.216 


3.270 


3.326 


3.383 


3.443 


3.506 


3.570 


3.636 


3.706 


3.777 


3.850 


3.925 


4.003 


4.084 


4.167 


4.254 


4.343 


4.438 


4.534 


4.632 


4.734 


4.835 


4.935 
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Table  FI  -  Rocket  Position  and  Speed  in  ECF  Coordinates  (Corn’d.) 


TALO(s)  I  XPOSCtm)  I  YPOS  (km)  I  ZPOS  (km)  I  SPEED  (km/s) 


-5673.443 


-5673.222 


-5672.994 


-5672.759 


-5672.516 


-5672.265 


-5672.007 


-5671.741 


-5671.467 


-5671.185 


-5670.896 


-5670.599 


-5670.294 


-5669.981 


-5669.660 


-5669.332 


-5668.996 


-5668.652 


-5668.301 


-5667.941 


-5667.574 


-5667.199 


•5666.816 


•5666.426 


-5666.028 


-5665.622 


-2274.929 


-2278.273 


-22«J.631 


-2284.991 


-2258.350 


-2291.706 


-2295.060 


-2298.412 


-2301.759 


-2305.104 


-2308.445 


-2311.784 


-2315.119 


-2318.451 


-2321.780 


-2325.106 


-2328.428 


-2331.748 


-2335.063 


-2338.376 


-2341.686 


-2344.992 


-2348.294 


-2351.594 


-2354.890 


-2358.183 


2176.95b 


2173.232 


2169.486 


2165.731 


2161.970 


2158.205 


2154.436 


2150.664 


2146.889 


2143.110 


2139.328 


2135.542 


2131.753 


2127.961 


2124.166 


2120.367 


2116.565 


2112.760 


2108.952 


2105.140 


2101.325 


2097.508 


2093.687 


2089.863 


2086.035 


2082.205 


5.011 


5.036 


5.044 


5.048 


5.050 


5.052 


5.053 


5.053 


5.055 


5.055 


5.056 


5.057 


5.058 


5.058 


5.060 


5.060 


5.061 


5.061 


5.063 


5.064 


5.064 


5.065 


5.066 


5.067 


5.067 


5.068 


Table  F2  -  Rocket  Aspect  Angle,  Attack  Angle,  and  Range  from  Satellite 


ASPECT  ANGLE 


109.34 


108.74 


108.02 


107.37 


106.65 


105.97 


105.15 


104.40 


103.85 


103.05 


102.31 


101.41 


100.75 


99.98 


99.34 


98.51 


ATTACK  ANGLE 
(deg) 


65.65 


65.84 


65.91 


65.99 


66.20 


63.61 


57.19 


51.21 


46.40 


41.63 


37.60 


33.95 


30.72 


27.98 


25.67 


23.75 


RANGE FROM 
SATELLITE  (km) 


534.450 


530.768 


527.159 


523.623 


520.164 


516.782 


513.483 


510.275 


507.157 


504.129 


501.193 


498.348 


495.594 


492.932 


490.361 


487.880 
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Table  F2  -  Rocket  Aspect  Angle,  Attack  Angle,  and  Range  from  Satellite  (Cont’d.) 


TALO 

(s) 


ASPECT  ANGLE 
(dec) 


ATTACK  ANGLE 
(dec) 


RANGE  FROM 
SATELLITE  (km) 
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Tab’e  F2  -  Rcwkct  Aapcrt  Angle,  Attack  Angle,  and  Range  from  Satellite  (Cont’d.) 


TALO 

(s) 


ASPECT  ANGLE 
(dcsj) 


ATTACK  ANGLE 
(dep) 


RANGE  FROM 
SATELLITE  (km) 


505.079 


506.852 


508.617 


510.367 


512.096 


513.807 


515.499 


517.165 


518.800 


520.408 


521.986 


523.527 


525.026 


526.484 


527.900 


529.267 


530.581 


531.840 


533.046 


534.203 


535.313 


536.420 


537.529 


538.646 


539.770 


540.902 


542.043 


543.192 


544.350 


545.516 


546.690 


547.872 


549.062 


550.261 


551.468 


552.682 


553.905 


555.136 


556.374 


557.620 


558.874 


560.136 


561.405 


562.682 


563.967 


Table  F3  -  Rocket  Altitude.  Geodetic  Latitude  and  Longitude 


ALirruDE 

(km) 


104.432 


104.581 


104.720 


04.850 


104.970 


105.081 


105.186 


105.291 


105.395 


105.499 


105.603 


105.709 


105.817 


105.927 


106.039 


106.155 


106.273 


106.396 


106.523 


106.656 


106.793 


106.936 


107.085 


107.241 


107.404 


107.574 


107.752 


107.938 


108.132 


108.334 


108.546 


108.768 


109.000 


109.744 


109.500 


109.768 


110.049 


110.344 


110.653 


110.977 


111.315 


111.665 


112.011 


112.349 


112.679 


LATITUDE 

(<JeR) 


LONGirUDE 

(des) 


21.7532 


21.7509 


21.7487 


21.7464 


2..  >441 


21.7418 


21.7394 


21.7368 


21.7339 


21.7308 


21.7274 


21.7238 


21.7198 


21.7156 


21.7110 


21.7061 


21.7009 


21.6953 


21.6894 


21.6830 


21.6764 


21.6693 


21.6618 


21.6539 


21.6455 


21.6368 


21.6276 


21.6179 


21.6078 


21.5972 


21.5862 


21.5746 


21.5626 


21.5500 


21.5369 


21.5232 


21.5089 


21.4941 


21.4787 


21.4626 


21.4460 


21.4289 


21.4116 


21.3944 


21.3771 


200.0934 


200.0925 


200.0914 


200.0905 


200.0894 


200.0885 


200.0876 


200.0869 


200.0866 


200.0865 


200.0868 


200.0873 


200.0882 


200.0895 


200.0911 


200.0930 


200.0954 


200.0982 


200.101.3 


200.1049 


200.1089 


200.1134 


200.1133 


200.1237 


200.1295 


200.1359 


200.1427 


200.1501 


200.1580 


200.1664 


200.1754 


200.1849 


200.1950 


200.2057 


200.2170 


200.2289 


200.2414 


200.2546 


200.2685 


200.2830 


200.2982 


200.3140 


200.3300 


200.3459 


200.3618 
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ADDENDUlVi 


Statistical  Discrimination  of  Piiotocvents 

When  a  single  photoevent  is  generated  in  the  microcharmcl  plate  (MCP)  of  the  UVPI  plume 
camera,  it  is  registered  as  a  spatial  distribution  of  charge  in  the  CCD  focal  plane  array  (FPA).  In 
general,  a  photcevent  gets  registered  within  a  3  x  3  pixel  region  with  the  largest  FPA  response  at  the 
center  pixel.  Note  that  the  blurring  of  a  single  photoevent  over  the  3  x  3  pixel  region  is  a  relatively 
small  component  of  ilic  overall  system  point  spiead  function. 

When  UVPI  is  looking  at  a  dim  source,  compared  to  the  instrument  sensitivity,  the  instrument 
gain  is  automatically  set  high,  for  example,  gain  l3.  At  these  high  gains  the  calibration  procedure, 
i.c.,  die  estimation  of  pliotocvents  from  the  measured  DN,  is  sensitive  to  any  mismatch  between  the 
estimated  dark  field  level  used  for  calibration  and  the  actual  dark  field  level.  Although  a  small  bias 
error  in  the  dark  field  estimate  would  have  a  small  impact  on  the  pholocvcnt  estimate  for  a  single 
pixel,  it  could  have  a  large  impact  or.  tlie  results  when  summing  the  contribution  of  groups  of  pixels. 
Hence,  for  dim  signal  levels,  such  as  the  Nilika  rocket  plume,  a  statistical  discrimination  scheme  was 
developed  which  fixes  the  probability  of  false  alarm  for  every  pixel.  In  the  context  of  calibrating 
UVPI  data,  a  false  alarm  occurs  when  the  iwise  in  a  pixel  that  contains  no  target  is  large  enough  to  be 
considered  part  of  a  photoevent 

Working  with  tl'C  already  calibrated  images,  the  discrimination  scheme  consists  of  estimating 
a  statistical  decision  threshold  for  each  image.  The  threshold  is  given  in  terms  of  the  background 
mean,  standard  deviation,  and  the  accepted  probability  of  false  alarm.  Estimates  for  each  image  of  the 
background  mean  and  vari;incc  arc  made  using  4  image  blocks  located  at  each  comer  of  the  image 
and  with  dimensions  of  8  by  8  pixels.  Tire  estimated  threshold  will  exactly  correspond  to  a 
probability  of  false  alann  of  Pf  if  tlie  following  assumptions  hold  124]: 

•  the  local  mean  and  local  variance  background  statistics  are  the  same  over  the  whole  FPA,  and 

*  the  density  function  of  the  background  follows  a  Gaussian  distribution. 

Mathematically  the  decision  threshold  is  given  by: 

where 

is  the  estimated  background  mean, 

C  is  the  estimated  background  standard  deviation,  and 

r'  is  must  satisfy  the  following  integral  equation 

PF  a  erfe  (r*), 

where  the  standard  complementary  error  hmetion  was  uscd.(24] 

All  the  plume  camera  images  which  were  used  in  tliis  rc{wrt  to  estimate  radiance  or  radiant 
intensities  were  subjected  to  the  dbovc  discrimination  scheme  using  a  probability  of  false  alarm  of 
0.0001.  False  alarms  were,  in  fact,  observed  in  approximately  1  out  of  every  10000  pixels,  indicating 
that  the  two  assumptions  stared  above  are  generally  representative  of  these  data.  Recalling  that  a 
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photocvcnt  may  spread  over  a  3  x  3  pixel  region,  for  all  those  pixels  where  a  photoevent  look  place 
immediate  neightors  were  also  included  as  possible  signal  contributors.  A  new  estimate  for  the 
number  of  photoevents  from  the  )tth  pixel  was  computed  based  on  the  following  rule, 

Pt  -  max  (0,  Pk  -fi)  if  condition  (A)  holds  or  Pt  -  0,  otherwise. 

In  the  above,  condition  (A)  states  that  if  any  pixel  in  the  local  neighborhood  of  the  itth  pixel  exceeds 
t’  then  the  value  at  the  &th  pixel  is  adjusted  to  be  the  maximum  of  zero  or  P^-  fi .  Thus,  pixels 
containing  no  photoevent  contribution  are  set  to  exactly  zero,  eliminating  the  possibility  of  an 
“erroneous”  contribution  due  to  uncertainties  in  the  dark  field  estimate  for  that  pixel.  This 
adjustment  can  be  significant  when  large  numbers  of  pixels  contain  no  photoevents,  i.e.,  few 
photoevents  per  image. 
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ACS 

AMOS 

AOS 

ARI 

(XD 

CPC 

CHARM 

CMOS 

CPU 

DN 

DN/PE 

ECF 

EIA 

ERD 

FOR 

FOV 

FWHM 

GMT 

Hz 

ICC 

ICCD 

IDA 

IR 

ITT 

rUE 

K 

KTF 

LACE 

LOS 

LOTS 

Mbps 

MCP 

MHz 

NER 

NQF 

NRL 

OAO 

OLES 

PC-N 

PE 

PMRF 

PSAG 

PSF 

RMS 

SDIO 

SIRRM 

SNR 

sr 

TALO 

TGS 

U7-TRASEEK 

LMT 

UV 

UVPI 

VAFB 
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Attitude  Control  Sj'siem 

Air  Force  Maui  Optical  Site 

Acquisition  o*"  signal 

Average  radiant  intensity 

Charge-coupled  device 

Camera  frame  controller 

Composite  High  Altitude  Radiation  Model 

Complementary  metal  oxide  semiconductor 

Central  processing  unit 

Digital  number 

Digital  number  per  photoevent 
Earth  center-flxed 
Electronics  interface  assembly 
Experiment  requirements  document 
Field  of  regard 
Field  of  view 

FuU-width-half-maximum 
Greenwich  Mean  Time 
Hertz 

Instrument  control  computer 
Intensified  charge-coupled  device 
Instimte  for  Defense  Analyses 
Infrared 

Intenuttional  Telephone  and  Telegraph 
International  Ultraviolet  Explorer 
Degrees  Kelvin 
Kauai  Test  Facility 

Low-power  Atmospheric  Compensation  Experiment 

Loss  of  signal;  line  of  sight 

LACE  Operational  Test  Bed 

Megabits  per  second 

Microchaitnel  plate 

Megahertz 

Noise-equivalent  radiance 

Net  quantum  efficicruty 

Naval  Research  Laboratory 

Orbiting  Astrophysical  Obsex^atory 

One  line  element  set 

Plume  camera  filter,  N  ■  1,  2.  3, 4 

Photoevent 

Pacific  Missile  Range  Facility 
Phenomenology  Steering  and  Analysis  Group 
Point  spread  function 
Root  mean  square 

Strategic  Defense  Initiative  Organization 

Standardized  Infra-Red  Radiation  Model 

Signal-to-noise  ratio 

Steradian 

Time  after  liftoff 

Transportable  ground  sution 

Ultraviolet  seeker 

UVPI  mission  lime 

Ultraviolet 

Ultraviolet  Plume  Instrument 
Vandenberg  Air  Force  Base 
Watt 
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